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This is a weird book. When I was asked to write it I refused, because I didn’t 
believe anybody could, or should, try to explain how to do analog design. Later, 
I decided the book might be possible, but only if it was written by many authors, 
each with their own style, topic, and opinions. There should be an absolute mini- 
mum of editing, no subject or style requirements, no planned page count, no 
outline, no nothing! I wanted the book’s construction to reflect its subject. What 
I asked for was essentially a mandate for chaos. To my utter astonishment the 
publisher agreed and we lurched hopefully forward. 

A meeting at my home in February 1989 was well-attended by potential par- 
ticipants. What we concluded went something like this: everyone would go off 
and write about anything that could remotely be construed as relevant to analog 
design. Additionally, no author would tell any other author what they were 
writing about. The hope was that the reader would see many different styles and 
approaches to analog design, along with some commonalities. Hopefully, this 
would lend courage to someone seeking to do analog work. There are many very 
different ways to proceed, and every designer has to find a way that feels right. 

This evolution of a style, of getting to know oneself, is critical to doing good 
design. The single greatest asset a designer has is self-knowledge. Knowing 
when your thinking feels right, and when you’re trying to fool yourself. Recog- 
nizing when the design is where you want it to be, and when you’re pretending 
it is because you’re only human. Knowing your strengths and weaknesses, 
prowesses and prejudices. Learning to recognize when to ask questions and 
when to believe your answers. 

Formal training can augment all this, but cannot replace it or obviate its 
necessity. 1 think that factor is responsible for some of the mystique associated 
with analog design. Further, I think that someone approaching the field needs 
to see that there are lots of ways to do this stuff. They should be made to feel 
comfortable experimenting and evolving their own methods. 

The risk in this book, that it will come across as an exercise in discord, is also 
its promise. As it went together, I began to feel less nervous. People wrote about 
all kinds of things in all kinds of ways. They had some very different views of 
the world. But also detectable were commonalities many found essential. It is 
our hope that readers will see this somewhat discordant book as a reflection of 
the analog design process. Take what you like, cook it any way you want to, and 
leave the rest. 

Things wouldn’t be complete without a special thanks to Carol Lewis and 
Harry Helms at HighText Publications, and John Martindale at Butterworth- 
Heinemann Publishers. They took on a book with an amorphous charter and no 
rudder and made it work. A midstream change of publishers didn’t bother Carol 
and Harry, and John didn’t seem to get nervous over a pretty risky approach to 
book writing. 

I hope this book is as interesting and fun to read as it was to put together. 

Have a good time. 
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Part One 



Introduction 



Most books have a single introduction. This one has four. Why? 

Analog circuit design is a very “personalized” discipline. To be sure, everyone’s 
bound by the same physics and mathematics, but there’s no single “right way” for 
those tools to be applied to solve a problem. Practitioners of analog design are noted 
for their individuality. Three of the four introductions that follow are by acknowl- 
edged masters of the analog art and deal with analog’s place in a world that seems 
overwhelmed by digital electronics. Each of those three authors gives a highly 
personal viewpoint that can’t be objectively proven “right” or “wrong,” but that’s 
the way it is in many aspects of analog design. The remaining introduction, which 
appears first, doesn’t directly deal with analog electronics at all. However, it does 
illustrate the “matrix of thought” that so many successful analog designers bring to 
their efforts. 

Analog design is often less a collection of specific techniques and methods than it 
is a way of looking at things. Dr. Calandra’s thoughts originally appeared in the 
January, 1970 issue of “The Lightning Empiricist,” then published by Teledyne 
Philbrick Nexus, and is reprinted by permission of Teledyne Corporation. We don’t 
know if the student described ever became interested in analog electronics, but he 
clearly had all the necessary attributes of a good analog design engineer. 

The name of George Philbrick will be invoked several times in this book, and in 
each instance some awe and reverence is noticeable. This is because if contemporary 
analog design has a founding father, it would have to be George Philbrick. Many 
of the top names in the field today either worked under or were influenced by him. 
Although he passed away several years ago, his wisdom is still relevant to many 
current situations. Here’s a sample from the October 1963 issue of “The Lightning 
Empiricist,” published by the company he founded, Teledyne Philbrick. We’re 
grateful for the company’s kind permission to reprint the following, since it’s 
difficult to imagine a real guide to analog design without George Philbrick! 

Let’s face it: analog electronics isn’t very sexy these days. The announcement 
of a new microprocessor or high-capacity DRAM is what makes headlines in the 
industry and business press; no one seems to care about new precision op amps or 
voltage-to-frequency converters. Sometimes it seems if digital electronics is the 
only place in electronics where anything’s going on. Not so, says Jim Williams, as 
he tells why analog electronics is more than still important — it’s unavoidable. 

Dan Sheingold’s essay originated as a letter to the editor of Electronic 
Engineering Times. In its original form (with a slightly different message), it 
appeared on December 4, 1 989. Often electronics engineers draw clear distinctions 
between “analog electronics” and “digital electronics.” implying clear barriers 
between the two disciplines that only the very brave (or very foolish) dare cross. 
How'ever, as Dan points out, the differences between them might not be quite what 
we think. 

Introductions are normally read before the rest of the book, and so should these. 
But you might want to return and read them again after you’ve finished this book. 
It’s likely that you might have a different reaction to them then than the one you’ll 
have now. 



1 




Alexander Calandra 



1. Barometers and Analog Design 



Some time ago I received a call from a colleague, who asked if I would be the ref- 
eree on the grading of an examination question. He was about to give a student a 
zero for his answer to a physics question, while the student claimed he should 
receive a perfect score and would if the system were not set up against the student. 
The instructor and the student agreed to an impartial arbiter, and I was selected. 

I went to my colleague’s office and read the examination question: “Show how it 
is possible to determine the height of a tall building with the aid of a barometer.” 
The student had answered: “Take the barometer to the top of the building, attach 
a long rope to it, lower the barometer to the street, and then bring it up, measuring 
the length of the rope. The length of the rope is the height of the building.” 

I pointed out that the student really had a strong case for full credit since he had 
really answered the question completely and correctly. On the other hand, if full 
credit were given, it could well contribute to a high grade in his physics course. A 
high grade is supposed to certify competence in physics, but the answer did not con- 
firm this. I suggested that the student have another try at answering the question. 1 
was not surprised that my colleague agreed, but I was surprised that the student did. 

I gave the student six minutes to answer the question with the warning that the 
answer should show some knowledge of physics. At the end of five minutes, he had 
not written anything. 1 asked if he wished to give up, but he said no. He had many 
answers to this problem; he was just thinking of the best one. I excused myself for 
interrupting him and asked him to please go on. In the next minute he dashed off his 
answer which read: 

“Take the barometer to the top of the building and lean over the edge of the roof. 
Drop the barometer, timing its fall with a stopwatch. Then using the formula S = 

0.5 at 2 , calculate the height of the building.” 

At this point, I asked my colleague if he would give up. He conceded, and gave 
the student almost full credit. 

In leaving my colleague’s office, I recalled that the student had said he had other 
answers to the problem, so I asked him what they were. “Oh, yes,” said the student. 
“There are many ways of getting the height of a tall building with the aid of a 
barometer. For example, you could take the barometer out on a sunny day and 
measure the height of the barometer, the length of its shadow, and the length of the 
shadow of the building, and by the use of simple proportion, determine the height 
of the building.” 

“Fine,” I said, “and the others?” 

“Yes,” said the student. “There is a very basic measurement method you will 
like. In this method, you take the barometer and begin to walk up the stairs. As you 
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Barometers and Analog Design 



climb the stairs, you mark off the length of the barometer along the wall. You then 
count the number of marks, and this will give you the height of the building in 
barometer units. A very direct method. 

“Of course, if you want a more sophisticated method, you can tie the barometer 
to the end of a string, swing it as a pendulum, and determine the value of g at the 
street level and at the top of the building. From the difference between the two 
values of g, the height of the building, in principle, can be calculated. 

“Finally,” he concluded, “there are many other ways of solving the problem. 
Probably the best,” he said, “is to take the barometer to the basement and knock on 
the superintendent’s door. When the superintendent answers, you speak to him as 
follows: ‘Mr. Superintendent, here I have a fine barometer. If you will tell me the 
height of this building, I will give you this barometer. ’ ” 

At this point, I asked the student if he really did not know the conventional 
answer to this question. He admitted that he did, but said that he was fed up with 
high school and college instructors trying to teach him how to think, to use the 
“scientific method,” and to explore the deep inner logic of the subject in a pedantic 
way, as is often done in the new mathematics, rather than teaching him the structure 
of the subject. With this in mind, he decided to revive scholasticism as an academic 
lark to challenge the Sputnik-panicked classrooms of America. 
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2. Analogs Yesterday, Today, and 
Tomorrow, or Metaphors of the Continuum 



It was naturally pleasurable for me to have been approached by the Simulation 
Councillors to write an article, substantially under the above super-title, for their 
new magazine. This euphoria persists even now, when my performance has in fact 
begun, and is only moderately tempered by the haunting suspicion of what their real 
reason might have been for so honoring me. It certainly could not be because my 
views on analog computing and simulation are somewhat eccentric in relation to 
much of the contemporary doctrine, although I accept and actually relish this char- 
acterization. It could conceivably be in recognition of my relatively early start in the 
field of electronic analog technology; this again is not denied by me, but here we 
may have found the clue. The fact that I began a long time ago in this sort of activity 
doesn’t mean at all that I am either oracle or authority in it. The truth of the matter is 
subtler still: it only means that I am getting old. So we have it out at last. They are 
showing respect for the aged. Here then, steeped in mellow nostalgia, are the 
musing of a well-meaning and harmless Old Timer. 

Since truth will out, I might as well admit immediately that I do not claim to be 
the original inventor of the operational amplifier. It is true, however, that I did build 
some of them more than four years before hearing of anyone else’s, and that their 
purpose was truly simulative. These amplifiers were indeed DC feedback units, used 
to perform mathematical operations in an analog structure, but the very first such 
amplifier itself began as a model builder, even at that stage, loomed larger than my 
possible role as an inventor, and I have been dealing continually with models and 
analogs ever since. Hereafter in this context I shall not speak of what I may have 
invented or originated, and in fact shall not much longer continue in the first person 
singular. By the same token I shall make no pretense in this article of assigning 
credit to other individuals or to other institutions. There are far too many of both, 
hundreds and thousands, stretching from this point back into history, to give any 
accurate and fair account of the brainpower and perspiration which have made 
analog computing what it is today, without leaving out many who have put vital 
links in the chain. 

While electronic analog equipment, using this phrase in the modern sense, cer- 
tainly existed in the thirties, and in the forties became available on the open market 
in several forms, its roots really went still further back in time. It is doubted that a 
completely exhaustive chronology of the contributory precursor technologies could 
ever be produced, let alone by one amateur historian. Nothing even approximating 
such a feat will be attempted, but it is hoped that an outline of the tools and tech- 
niques which were on hand in the previous era will show that the ingredients were 
already there, and that the modem analog machine was almost inevitable. As is 
usual in such surges of progress, several fields of science and engineering over- 
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lapped to breathe life into this department. Among others were Physics and 
Scientific Instruments, Communications and Electronics, Controls and Servo- 
mechanisms, Mathematics, and Aeronautical plus Electrical plus Mechanical 
Engineering. It is recognized that these fields are not mutually exclusive, and that 
each realm constitutes a multidimensional cross-section which has interpenetrated 
the other realms enumerated. 

There is one thread, come to think of it, which appears to run through the whole 
background of the analog doctrine, and which may be said to belong to it more 
intrinsically that it does to the other major branch of computation; that thread is 
feedback. It will appear again frequently in what follows. 

The clearest anticipation of analog machines was in the differential analyzer. 
This primarily mechanical device could handle total differential equations at least 
as well as we can now, and in some ways better. One such analyzer afforded auto- 
matic establishment of its interconnections and parameters, tape storage of these 
data, and automatic readout: both numerical and graphical. Although slower than 
newer electronic equivalents, nonetheless for a 19-integrator problem which was run 
on it in 1945, a thoroughly non-linear problem by the way, the analyzer time scale 
was only twice as slow as the real scale for the remotely controlled glide vehicle 
which was being simulated. The disc integrators of this machine were things of 
beauty, with accuracies approaching, and resolution exceeding, 5 decimals. They 
could integrate with respect to dependent variables, thus enabling multiplication 
with only two integrators, logarithms without approximation, and so on. Integrators 
of this same general type were also applied in astronomical and military computing 
devices, in which less elaborate but still legitimate differential equations were em- 
bodied and solved. This sort of equipment inspired many of the electronic analog 
devices which followed, as well as the digital differential analyzers which have 
come much later. Although the electronic integrators of analog equipment prefer 
time as the direct variable of integration, they have shown extreme flexibility of 
operating speed. One imagines the mechanical discs of the older analyzers running 
at millions of rpm trying to keep up with their progeny! 

The disc integrators of the differential analyzer worked without feedback, as did 
its other basic parts. Where then did feedback appear in these analyzers? In the 
differential equations acted out within it. Any equation requiring solution involves 
at least one causal loop. But for feedback in its more exuberant forms we nominate 
the next discipline to be considered, namely automatic controls. 

Regulatory mechanisms such as those which are found in industrial control sys- 
tems have been around for a long time. Roughly in historical sequence, they have 
been mechanical, hydraulic, pneumatic, electric, and electronic. Translating as they 
do from the unbalance or error in a controlled condition to the manipulation which 
is intended to reduce that unbalance, they close a feedback loop which includes 
some sort of plant. In typical cases these mechanisms have embodied mathematical 
laws with continuous fidelity, and in order to attain fidelity they have resorted to 
internal feedbacks precisely analogous to those employed in a modem amplifier. It 
may not be widely known, particularly among the younger computing set, that this 
sort of local feedback was applied in standard controller mechanisms of the twen- 
ties and even earlier. These antecedent regulatory devices qualify as DC feedback 
and even null-seeking at two distinct levels, and with mathematical capabilities, it 
is not difficult to trace the logical paths of evolution from these devices to analog 
computing as it is now enjoyed. Furthermore it is not uncommon in the thirties to 
build simulators embodying convenient models of plants, into which the real regu- 
latory mechanism could be connected. Both developmental and educational pur- 
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poses were served by these structures, just as with simulators today. The next stage, 
in which the real control mechanisms were replaced by models, permitted the whole 
loop to be electronic and hence vastly more flexible and greatly accelerated. In 
simulators of this sort, several plants might be interconnected under control, so that 
the newer stability problems thus encountered could be studied conveniently. Again, 
plants with multiple inputs and outputs having internally interacting paths were 
included, and regulatory loops in hierarchies where master controls manipulated the 
desired conditions of subordinate controls, all could be simulated in an analog. Note 
the ascending succession of feedback loops, which are most dramatically repre- 
sented in control systems of this sort: within amplifiers to attain promptness and 
stability; locally around amplifiers to give the desired mathematical performance 
for regulatory mechanisms; in control loops to promote the minimum difference 
between desired and existing conditions; in more comprehensive control loops 
which include complete but subordinate loops in cascade; in still more comprehen- 
sive loops for supervisory or evaluative purposes; and finally in the experimental 
design and optimizing operations, using models or computational structures to 
evolve most effective system operation. 

Servomechanisms are also part of the lore which preceded and inspired the 
modern analog machines. Though not as old as the governors, pressure regulators, 
and controllers of temperature, flow, level, etcetera of the last paragraph, servos as 
positional followers were functionally similar as regards control philosophy and 
feedback loops. Further, being more modem, they benefited from the increasingly 
mathematical technologies of development and design. Perhaps most relevant was 
the simultaneity and parallelism between servo theory' and that of feedback ampli- 
fiers in communications. Stability criteria for the latter were seen as applicable to 
the former, at least in the linear realm. Analysis in the frequency domain, a natural 
procedure for linear communications equipment, was carried over rather directly to 
servomechanisms. This debt has since been partially repaid, as servomechanisms 
have helped to furnish nonlinear analog elements and other items in computing 
equipment for the study of nonlinear phenomena, generally in the time domain, as 
they occur in communications and elsewhere. Thus do the various doctrines and 
practical disciplines feed on each other to mutual benefit, and (if you will forgive 
the liberty) feedback sideways as well as back and forth. 

We pick up servomechanisms again, much further back along the trail, and usu- 
ally in relatively low-performance embodiments. Though scientific instruments do 
practically everything today, including computation, synthesis, manipulation, and 
regulation, on every scale, they were once used principally for measurement, in the 
laboratory or the observatory. For accurate measurement it was found that feedback 
methods, when possible, were surpassingly effective. While the underlying philo- 
sophical reasons for this circumstance are of vital importance, we shall take them 
here on faith. Note, however, that the observation of balance in a measurement, and 
the manipulation which may be made to achieve balance, is still a feedback process 
even if done by a human agency. The slave can be the experimenter himself. Precise 
weighing with a beam balance may stand as a clear example of this procedure, but a 
myriad of others may readily be spread forth. Succinctly, the process is reduced by 
feedback to dependency on only one or a few reliable elements. Automation of the 
loop-closing, null-seeking action merely replaces one slave by another. In this light 
the venerable self-balancing slidewire potentiometer recorder stands with the latest 
feedback operational amplifier, and so we see yet another plausible path from then 
to now. 

Antedating but partly anticipating the development of active analogs was the use 
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of models which depended much more directly on the analogies between phenom- 
ena as they appear in widely differing physical media. Of main concern here are 
those cases in which the modelling medium has been electric, but quite accurate and 
articulate models have also been mechanical and hydraulic, and many of these are 
hoary with age indeed. Ever since accurate and dependable circuit elements have 
been available, and this has been for many decades, notably for resistors and capac- 
itors, highly successful passive models have been built for the study and solution of 
such problems as those which occur in heat conduction. Dynamic as well as steady 
state phenomena may be handled, often in the same model. Again, vibrations have 
been studied with direct models having all three kinds of circuit element, plus trans- 
formers. Furthermore very large and complete simulative structures, called network 
analyzers and based heavily on passive elements, were used in particular for — 
though not limited to — AC power distribution and communication lines. Even 
today one finds such continuous conductive models as electrolytic tanks still in use 
and under development. Many of these tools have specialized capabilities which are 
hard to match with the more familiar sort of modem apparatus. The similitude con- 
ditions and principles which accompanied and abetted the application of such 
models have been carried over to, and guided the users of, the newer computing 
means. It should be added that the very demanding doctrines of “lumping,” which 
must take place when continuous systems are represented by separate but connected 
analog operations, are substantially unchanged as compared to those in passive 
models. Here is another branch of knowledge and effort, then, to which we own 
recognition as contributing to present day simulation and computing. 

From a different direction, in terms of need and application, came another 
practical model-building technique which is woven into the analog fabric which 
surrounds us today. This one is straight down the simulation highway; we refer to 
trainers of the sort used for many years to indoctrinate pilots of aircraft. These 
trainers modelled just about everything except nonangular spatial accelerations. 
They presented, to a human operator, a simulated environment resembling the real 
one in many important ways, as regards his manipulations and the responses re- 
turned to him as a consequence thereof. Of course the later counterparts of the first 
training aids have become tremendously more refined, and similar structures have 
been adapted to other man-machine collaborations, but the inspiration to analog 
enthusiasts on a broader scale seems rather obvious. Here was an operative model, 
in real time and undelayed, where to the sensory and motor periphery of the trainee the 
real environment was presented in a safe and pedagogically corrective atmosphere. 
Now it is true that training devices for physical skills are even more numerous 
today, and analog simulative equipment finds important applications in these, but a 
somewhat extended simile might be in order. For system design in its larger impli- 
cations we are all trainees; analog simulation to teach us how a proposed system 
might work when at least part of it is new, to guarantee safety if we try out a poor 
idea, and to offer peripheral communication at the deliberative level, projects the 
trainer concept to an advanced modem setting. The task of simulating the trained 
pilot and even the learning pilot, or other human operators, provided a challenge 
which has been partly met, and which is still relevant. Simulating the system 
designer, as a logical extension, leads as far as you might care to travel. 



Overlook 

Things are looking up all over for the analog profession. Substantially every branch 
of engineering now applies analog computing equipment: in theory, experiment. 



8 




George A. Philbrick 




Figure 2-1. 
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design, manufacture, and test. Applications are even on the increase for scientific 
research, where in a sense such equipment began. We shall not try to list the many 
embodiments and applications in this text, but have included some of them in a 
figure to be found nearby, which has been prepared to bear out the morphology of 
our burgeoning field. 

Analog representation in terms of modem apparatus is a far cry from scale models, 
but the model concepts still seem incomparably fruitful. In direct models, which 
retain the physical medium of their prototypes, scaling is the biggest part of the 
game. Similitude conditions must be faithfully adhered to, and an appreciation of 
these conditions imparts a feeling for models which is never lost. Actually the use 
of direct scale models has not decreased, and is still a powerful technique in such 
areas as hydraulics and structures: natural and man-made. Much ingenuity has been 
lavished on such models; they must by no means be looked down upon by the users 
and designers of more fashionable modelling items. 

In a scale model the transformation of dimensions is typically direct and simple, 
especially if shape is preserved. Even when the scaling involves distortions of 
shape, such as relative compression and bending, the transformations generally 
carry distance into distance, velocity into velocity, and so on, with only numerical 
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scale factors relating them in pairs. Basic parameters, when the scale ratios are prop- 
erly assigned, turn out to be numerical, and apply equally to model and to proto- 
type. This doctrine, whereby characteristic system parameters are dimensionless, is 
applicable to all modelling procedures. The transformation concept, so clear and 
concise for scale models, carries over with little confusion to modelling in which 
the physical form is changed, and ultimately to electronic analogs where transfor- 
mation includes transmogrification. The scale ratios in general, however, are no 
longer numbers, but the basic parameters may be. This sort of introduction is 
recommended for physicists and applied mathematicians who may be coming sud- 
denly into modem analog contacts, since it utilizes some of the ideas and precepts, 
however badly expressed here, of the more classical fields. 

Another sort who is momentarily taken aback by the liberties permitted in analog 
models is typified by an engineer who has been too long away from the time domain. 
Often brought up, pedagogically, on linear systems and frequency analysis, he (or 
she) may even be suspicious of a mechanism which gives solutions as functions of 
time, perhaps not realizing that it will provide amplitude and phase spectra as well 
if one merely applies a different stimulus to the same model structure. It is frequently 
worthwhile, in these cases, to introduce the analog from the viewpoint of the fre- 
quency domain, shifting later from the familiar to the strange and magical. Oddly 
enough, the most confirmed practical and the most profoundly theoretical of engi- 
neers will both be found to favor the time domain, with or without computing equip- 
ment. In the former case this is by virtue of convenience in handling real equipment, 
and in the latter it is since — among other reasons — he finds it better to approach 
nonlinear problems in the time domain than in the frequency domain. 

Analog engines have not always been as respected as they are now becoming. 
Analogy itself we have been warned against, in proverb and in folklore, as being 
dangerous and requiring proof. Parenthetically, this is good advice. Simulation has 
had connotations of deceit, empiricism of quackery. It was stylish, even recently, to 
say that the only good electronics is that which says Yes or No. There is nothing to 
be gained in disputing these allegations, least of all by excited rejoinder. The con- 
tinuous active analog is in its infancy, and time is (literally) running in its favor. 

Time as an independent variable, given at low cost by Nature, has the advantage 
of nearly, if not actually, infinite resolution. This continuity, coupled with the conti- 
nuity of voltage and charge, leads to the ability to close loops at very high frequency, 
or with short time intervals. As a consequence one may approach the ideals of dif- 
ferentiability which are inherent in the infinitesimal calculus, which postulates the 
existence of a continuum. While most contemporary analog apparatus does not 
press these limits, it is comforting to know that there is room left to maneuver in. 

In modest applications to on-line measurement and data-processing, it is quite 
generally conceded that the advantages of continuous analog apparatus make it 
irresistible. This is partly owing to the simplicity and speed which its continuity 
makes possible, and partly to the fact that almost every input transducer is also 
“analog” in character, that is to say continuous in excursion and time. Storage and 
sampling, for example are frequently unnecessary in such applications, as in many 
others. When we turn from simpler to more involved data processing, to ambitious 
simulation, or when in general we pass from modest to more pretentious computa- 
tions, there has been some feeling that digital means should automatically be substi- 
tuted, especially if funds are available. In this connection we should like to quote, 
on the other side of the argument, no less a figure than Dr. Simon Ramo, writing on 
Systems Engineering in a collected volume called Parts and Wholes (edited by 
Daniel Lemer; Macmillan, New York, 1963). The following is admittedly taken out 
of context: 
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Digital computers, however, cannot be used conveniently or efficiently to 
obtain answers to all of the problems. In some cases, even they cannot solve the 
equations in any reasonable time, and in other cases the problems are not under- 
stood well enough for satisfactory mathematical formulation. Under these cir- 
cumstances we can often turn to analog, real-time, simulation devices to predict 
the behaviour of the system. No engineering computing center is well equipped 
without such devices. 

One should certainly be happy to settle for this, even though the text continues in 
a discussion of other kinds of equipment than analog with which the latter may be 
associated. Only the most hard-shelled of analog champions would suggest that 
all simulative and computational equipment be undiluted by numerical or logical 
adjuncts. Certainly many of the best known individuals and organizations in the 
analog field are now willing and able to talk about hybrids. This term, by the way, 
is too broad to have much meaning at this stage of the game. Is an analog apparatus 
hybridized by adding a digital voltmeter? The possibilities are far too numerous. 
The present treatment does not even contemplate giving a complete account of 
analog computing machines themselves, let alone the combination they may form 
with other machines. A large and growing library of good books cover these areas 
quite completely. Many of these are written by officials of the Simulation Councils, 
who typically have the sort of university connections which should give them 
appropriately unbiased viewpoints: viewpoints which a mere company man can 
only envy. Perhaps, however, an example or two might be appended here which 
will amuse and even edify. 

At a large Eastern university, under the guidance of a well-known and gifted 
computationalist, a successful project has been reported on whereby the scaling for 
an analog installation is done entirely by rote on a digital machine. No guessing or 
trial runs at all are involved. Straight from the equations, the digital solution dic- 
tates the analog settings which will bring the maximum excursion of every variable 
analog voltage to within 20% of the limiting value. Local wags thus proclaim the 
discovery at last of a practical contribution by the digital apparatus. Seriously, they 
enjoy the ability to “get at” the solutions of the analog during operation. 

Some analog men, perhaps over-fond and defensive as regards continuous func- 
tions, really believe that analog operations are generalizations of digital ones, or 
that conversely digital operations are special cases of analog ones. What can be done 
with such people? They depreciate the importance of the fact that discrete measure- 
scales approach continuity in the limit, alleging that infinite processes are already 
tacit and available, without passing to the limit, in an analog variable. Pointing for 
example to analog selector circuits which can pick out and transmit whichever of a 
set of variables is algebraically the greatest of the least, they cite this capability as 
broader than the logical sum or the logical product, amounting in fact to infinitely- 
many-valued logic. Selectors followed, for example, by bounding operations serve 
directly in the rudimentary case of two-valued logic. On the basis of such reasoning 
it is surprising, the argument runs, that analog apparatus is not permitted to make 
decisions for itself. It is hard to answer these arguments, especially when dealing with 
confirmed analog partisans. When cornered on some point of superior digital accom- 
plishment, they simply claim the w'hole digital province as part of their analogs. 

Predictions are scheduled for the Tomorrow part of this article, but one such 
properlj' belongs here. While it is agreed that analog and digital techniques will 
increasingly cross-fertilize and inter-relate, it is predicted that the controversy 
betw een their camps will rage on, good natured but unabated, for years to come in 
spite of hybrid attachments. The serious issue of reliability has recently arisen as 
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between the two ideologies referring for example to instruments for interplanetary 
exploration. It is preferred here to avoid an opinion of judgment on this very impor- 
tant issue, but it is suggested that others similarly withhold judgment. At all costs 
we must not go down the wrong road. There are quite powerful and rational and 
experienced brains in which the reliability vote would be cast for analog, or at least 
against the exclusion of continuous variability. We must cooperate in a dispassionate 
but devoted study to determine the likeliest facts and fancies in this affair. If one 
believes that Nature is ahead in reliability, and there would appear to be justification 
for this belief in recognition of the redundancy, repairability, and adaptability of 
animal organisms, then conclusions may follow which are based on how one views 
such organisms. It has been standard practice to view the details of animal nervous 
systems as evidence that they are digital, but there are major reasons to question 
this . 1 The central nervous system itself seems digital to digital men, and analog to 
analog men. If it is both, then it is more intimately and profoundly intermingled 
hybrid than any of the artificial structures which have come to light. One thing is 
pretty sure, and that is that the brain builds models. We are in good company. 

Back on reliability, at least in the sense of predictability, there is a duality to be 
noted in the relation between analog and digital techniques. If one must predictably 
manipulate an imperfectly accessible entity, he may proceed by arranging a discrete 
set of states for that entity, then transmit a prearranged number of command signals 
to it. Alternatively, with a nonquantitized feedback indicating the state of the entity, 
one commands changes outwardly by whatever means until the desired state is 
shown to have been attained. What one achieves by quantitizing, the other does by 
feedback. This is oversimplified, and does not immediately enable an evaluation of 
reliability. For the moment, it is only a point in (practical) philosophy, but as with 
many other continuous/discrete instrumental relations it is reminiscent of the 
wave-particle dualism. 

Auguries 

It has been predicted above that the analog-digital struggle will persist, and this 
will mean some wear and tear as the proponents contend, but on balance such con- 
tention will probably be beneficial since it will assure that the maximum potential 
of each technique will be realized. As to some mixtures, all the obvious ones will 
soon be seen somewhere. More intimate mixtures, which might offer something 
approaching universal applicability, will depend on the appearance of new instru- 
mental tools. But also note that urgent needs provide as potent a force for develop- 
ment as does the availability of new and startling techniques. Hasty prediction from 
either angle would be hazardous; certainly anything specific on our part would be 
irresponsible as well as foolhardy. There do seem to be possibilities, however, in 
recognition of the ability of continuous analog instruments to operate quickly and 
smoothly in closing feedback loops, plus the abitrary accuracy and permanency of 
discrete processes. Graphical computation may give a clue of sorts here, since any- 
one who deals with geometrical plots is prone to appeal alternately to continuous 
criteria and to numerical coincidences in calibration. Coordinates in general may 
have both of these meanings simultaneously. Are they any better than we are? 

As to analogs themselves, it is evident that some forms of instrument, though not 
all, will become progressively smaller and handier in solid state incarnations. It is 
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also evident that optimizing and search operations will be made increasingly auto- 
matic, as the deliberative functions of the user are encroached on more and more by 
deliberately imposed autonomous controls. But one of the principal lessons from 
the past is that substantially all the earlier techniques will continue to be used, and 
will grow and improve horizontally. Possibly you have a slide rule in your pocket, 
though admittedly you may have turned in your abacus for a desk calculator. All the 
older apparatus of the above section on origins are in current usage, and will con- 
tinue so. As an example may we consider passive models? 

It would be a big surprise if passive electric models do not expand in application 
and in technical excellence. More adept peripheral instruments, to drive and to mea- 
sure them, are either in the cards or on the table. Passive circuit elements, adjustable 
as well as fixed, are gradually but surely improving as to accuracy, bandwidth, and 
stability. In this category are included not only resistors and capacitors, and less 
insistently inductors and transformers, but also certain nonlinear elements. A com- 
bination of compensation and regulation can cut the parametric effects of tempera- 
ture down to size, especially with the advent of flexible devices for thermoelectric 
heat pumping. Relatively little work has been done on passive networks for model 
building, even for linear systems, compared to that expended for communications. 
The challenges introduced in the nonlinear cases are considerable, but with newer 
analytical techniques and instrumental tools it would be unwise to put limits on what 
might be accomplished. Part of the lure is that many biological structures appear to 
have been designed along these lines, though not of course without active adjuncts. 

Another trend which is evident, and which will probably gain in momentum, is 
that of the unification of assorted instrumental techniques based on analog feedback 
operations. When it is considered how fundamental is the function of the operational 
amplifier, and how its benefits are continually being rediscovered in new fields of 
technology, it seems likely that multipurpose modular structures will perform the 
tasks of a number of specialized measuring and manipulative instruments. Beyond 
its classical and celebrated mathematical operations, comprising addition, algebraic 
and functional inversion, linear combination, differentiation, integration, etcetera, 
are the abilities to store and to isolate, among a number of others which are less well 
known. Since it is well known, on the other hand, where information of this kind is 
available, there is no need or propriety to elaborate here on the application of this 
basic tool. However, the philosophy of this sort of amplifier as an electrical null - 
seeking or balancing agent carries its own impact once it is understood. When basi- 
cally similar methods and equipment are found to be effective in each, such fields as 
computing, data processing, testing, regulation, and model building will not be kept 
separate, but will diffuse and perhaps ultimately fuse with one another. One key to 
the future appears to lie in the quasi-paradox of special-purpose instrumental assem- 
blages based on general-purpose analog modules. 

Systems engineers are coming along now in greater numbers and of higher aver- 
age caliber, and they are not now so brutally divided into disparate camps of prac- 
tical and theoretical people. More mutual respect, at least seems to obtain between 
these two sides of the track. Analog models will be increasingly resorted to by both 
groups in studying the formidable problems of system engineering they must attack. 
It is getting around generally that the modelling approach may best be taken in 
stages. Not only should subsystems be separately modelled and carefully confirmed, 
but a given model need not represent all the aspects of a given subsystem or system 
at once. Linear approximations usually represent only a crude beginning, but may 
be confirmed by relatively simple analysis. Nonlinear models are harder to build 
but much harder to analyze, so that frequently the approach to nonlinear structures 
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should begin with drastic approximations to the nonlinear features, which are refined 
in stages as the project develops. Each step should be simple and well defined, with 
continual checking of the assumptions, and of those portions which are assumed to 
be complete, before forging ahead. Of course the parallel development of rudimen- 
tary overall models is in order if it is understood that they should be taken with a 
grain of salt: they may impart some idea of the flavor of the final concoction. Aspects 
of a system suitable for separate analog study will depend on the nature of the 
system; this is the age of broadness of system definition, extending even to all of 
Society. Taking such a case, one might study population density, political stability, 
wealth and commerce, considering these somewhat independently before they are 
all joined in one model. Again, the study in each case might be from the viewpoints 
of transients, or cycles, or statistics (possibly introducing random perturbations from 
independent sources). Still further, the item of interest might be tolerance to para- 
metric changes, transitions from one regime to another, extrapolations backward 
and forward in time, and so on. But my prognostications have turned into a ramble. 

As an offshoot of specialized training applications, analogs should find growing 
applications to pedagogy of a more general kind. This is partly owing to the per- 
sonal experience which the subject may be afforded, but also to the interest which is 
induced by living analogies. The speed at which dynamic models may be operated 
is another factor in maintaining interest, and in saving time as well. If fast repetitive 
operations are employed, an introductory step may involve slower demonstrations, 
better to enable the mental transformation of time scale. Block diagrams or signal 
flow graphs become immediately more meaningful if tangible analog apparatus is 
made available to fulfill them. The innate property of causality, for example, is 
given memorable and dramatic emphasis. Feedback is of course the big thrill to the 
innocent in its general framework, along with its embodiment in differential equa- 
tions, automatic controls including servomechanisms, and vibrations. 

Models and analogs, even as concepts, are powerful teaching means in any case. 
Symbols themselves are rudimentary analogs, striving close to reality in mathemat- 
ical operators. Words and languages are analogs right down to the ground. Physicists 
think and talk in models, the very best of them saying that models are their most 
powerful tools. Similitude conditions apply equally to all physical phenomena, 
along with dimensional analysis, so called. The unification of a set of properties in 
one structure, suggestive of an underlying organization and beauty, gives power and 
appeal to the model concept in the education of students: and students we all should 
remain, every one. So we close with a student’s recollection. 

Emerging many years ago from the old Jefferson Physical Laboratory at Harvard, 
one could read on the Music Building opposite, cut into the stone under the eaves, 
an inscription which should still be there: 

To charm, to strengthen, and to teach, 

These are the three great chords of truth. 
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3. It's an Analog World — Or Is It? 



Back in the 1950s, I once heard George Philbrick say, “Digital is a special case of 
analog.” He was a passionate believer in the analog nature of the world. (He was 
also skeptical about frequency, though he understood transform theory — Laplace, 
Fourier, and especially Heaviside — better than most. But that’s a matter for another 
essay.) 

Now that we’ve had a few more decades to reflect on nature, to observe conver- 
gences between organisms and computer programs, and to see ways of simulating 
electrical behavior of organisms with computers (e.g., neural nets), it’s possible to 
make some definite statements about what’s analog and what’s digital. 

First of all, though, we have to dispose of nonlinearity and discontinuity in nature 
as arguments for digital. 

Linearity of real-world phenomena has nothing to do with the analog versus 
digital question. The real (analog) world is full of nonlinearities. My employer and 
others manufacture a number of purposely, predictably, and accurately nonlinear 
devices — for example, devices with natural logarithmic or trigonometric (instead 
of linear) responses. They are all analog devices. 

Second, discreteness and discontinuity really have little to do with the analog 
versus digital question. You don’t have to go to microscopic phenomena to find 
discrete analog devices. My employer also manufactures analog switches and com- 
parators. They are discontinuous (hence discrete) devices. The switches are funda- 
mental digital to analog converters: the comparators are fundamental analog to 
digital converters. But voltage or current, representing digital quantities, operates 
the switches; and the outputs of the comparators are voltages, representing the choice 
of a digital 1 or 0. Thus, these basic data converters are analog to analog devices. 

Perhaps nature is discrete at the limits; current could, in a sense, be counted as a 
flow of discrete charge carriers; time could be counted as ticks of a clock. And 
noise limits the resolution of continuous measurements, which some might use to 
argue against the continuous case. But these arguments also work against the dis- 
crete case. The uncertainty principle says we can’t locate a charge earner and at the 
same time say accurately how fast it’s going. So we measure current as the average 
number of charge carriers that flow in a circuit and call the individual carriers noise. 
Similarly, a clock that ticked with every event would be useless because it would 
tick irregularly , so again we choose a clock that averages the basic ticks, and call 
the basic ticks jitter. 

Perhaps it’s useful to accept the duality of discrete and continuous in the analog 
real world, even as most people accept that natural phenomena are both particles 
(discrete) and waves (continuous). 

The important point is that “digital” is irrelevant to all that. Digital in the quan- 
titative sense applied to physical phenomena is a human concept; it didn’t exist 
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before people, while voltages did (e.g., lightning, which fixed nitrogen, thus fertil- 
izing plants without human intervention). Digital as a quantitative idea first occurred 
when people learned how to count — using their God-given digits. Digital as a 
computational idea is the human-invented number system. Digital is the numbers 
marked on an analog meter. Except for the natural phenomena shaped to embody it, 
digital is everything having to do with logic, microprocessors, computers, and so on. 
But such natural phenomena, and the quantitative equations governing them, are 
analog in nature, because they are analogs for one another. 

As a clincher, note that Voyager ll’s information was digitally encoded; but to 
find the “digital” signal you had to resort to analog processes, such as amplification, 
demodulation, and filtering, to recover some sort of pulses representing the noisy 
information before sophisticated digital signal-processing could be employed to 
actually pry the information out of the noise. The pulses carrying the digital infor- 
mation were analog quantities. The hardware to do all that (the DSP, too) used real- 
world analog quantities like voltage and current. The software was truly digital. 

Have you now been convinced that everything in the world, except for human 
creations, is analog? Well, I’m not! Apart from logic and number systems, there’s 
another feature of digital that we have to consider: the ability to encode and decode, 
to program, to store in memory, and to execute. 

That ability existed in nature long before humankind. It exists in the genes of all 
living beings, the strings and interconnections of DNA elements A, G, C, and T that 
encode, remember, and carry the program for the nature and development of life. 
They permit biochemical processes to differentiate between flora and fauna and, 
within these, all the many phyla, species, and individuals. 

So perhaps, if we are to generalize, we might say that the vibrant world of life is 
based on digital phenomena; the physical world is analog and basically noncreative, 
except as its random, chaotic, and analog-programmed behaviors act on — and are 
acted upon by — living creatures. 
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4. Is Analog Circuit Design Dead? 



Rumor has it that analog circuit design is dead. Indeed, it is widely reported and 
accepted that rigor mortis has set in. Precious filters, integrators, and the like seem 
to have been buried beneath an avalanche of microprocessors, ROMs, RAMs, and 
bits and bytes. As some analog people see it (peering out from behind their barri- 
cades), a digital monster has been turned loose, destroying the elegance of contin- 
uous functions with a blitzing array of flipping and flopping waveforms. The intro- 
duction of a '‘computerized” oscilloscope — the most analog of all instruments — 
with no knobs would seem to be the coup de grace. 

These events have produced some bizarre behavior. It has been kindly suggested, 
for instance, that the few remaining analog types be rounded up and protected as an 
endangered species. Colleges and universities offer few analog design courses. And 
some localities have defined copies of Korn and Korn publications, the Philbrick 
Applications Manual, and the Linear Applications Handbook as pornographic 
material, to be kept away from engineering students' innocent and impressionable 
minds. Sadly, a few well-known practitioners of the art are slipping across the 
border (James E. Solomon has stated, for example, that “all classical analog tech- 
niques are dead”), while more principled ones are simply leaving town. 

Can all this be happening? Is it really so? Is analog dead? Or has the hysteria of 
the moment given rise to exaggeration and distorted judgment? 

To answer these questions with any degree of intelligence and sensitivity, it is 
necessary to consult history. And to start this process, we must examine the 
patient’s body. 

Analog circuit design is described using such terms as subtractor, integrator, 
differentiator, and summing junction. These mathematical operations are performed 
by that pillar of analoggery, the operational amplifier. The use of an amplifier as a 
computing tool is not entirely obvious and was first investigated before World War 
11. Practical “computing amplifiers” found their first real niche inside electronic 
analog computers (as opposed to mechanical analog computers such as the Norden 
bombsight or Bush’s Differential Analyzer), which were developed in the iate 1940s 
and 1 950s. These machines were, by current standards, monstrous assemblages 
made up of large numbers of amplifiers that could be programmed to integrate, sum, 
differentiate, and perform a host of mathematical operations. Individual amplifiers 
performed singular functions, but complex operations were performed when all the 
amplifiers were interconnected in any desired configuration. 

The analog computer’s forte w'as its ability to model or simulate events. Analog 
computers did not die out because analog simulations are no longer useful or do not 
approximate truth; rather, the rise of digital machines made it enticingly easy to use 
digital fakery to simulate the simulations. 



Adapted from the July 22, 1991, issue of EDN Magazine. 
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Figure 4-1. 

Some analog 
types are merely 
leaving town. 




As digital systems came on line in the late 1950s and early 1960s, a protracted 
and brutally partisan dispute (some recall it as more of a war) arose between the 
analog and digital camps. Digital methods offered high precision at the cost of 
circuit complexity. The analog way achieved sophisticated results at lower accuracy 
and with comparatively simple circuit configurations. One good op amp (eight 
transistors) could do the work of 100 digitally configured 2N404s. It seemed that 
digital circuitry was an accurate but inelegant and overcomplex albatross. Digital 
types insisted that analog techniques could never achieve any significant accuracy, 
regardless of how adept they were at modeling and simulating real systems. 

This battle was not without its editorializing. One eloquent speaker was George A. 
Philbrick, a decided analog man, who wrote in 1963 (in The Lightning Empiricist, 
Volume II, No. 4, October, “Analogs Yesterday, Today, and Tomorrow,” pp. 3-8), 
“In modest applications to on-line measurement and data processing, it is quite 
generally conceded that the advantage of continuous analog apparatus make it irre- 
sistible. This is partly owing to the simplicity and speed which its continuity makes 
possible, and partly to the fact that almost every input transducer is also ‘analog’ in 
character, that is to say, continuous in excursion and time.” 

Philbrick, however, a brilliant man, was aware enough to see that digital had at 
least some place in the lab: “Only the most hard-shelled of analog champions would 
suggest that all simulative and computational equipment be undiluted by numerical 
or logical adjuncts.” 

He continued by noting that “some analog men, perhaps overfond and defensive 
as regards continuous functions, really believe that analog operations are general- 
izations of digital ones, or that conversely digital operations are special cases of 
analog ones. What can be done with such people? 

“While it is agreed that analog and digital techniques will increasingly cross- 
fertilize and interrelate,” Philbrick concluded, “it is predicted that the controversy 
between their camps will rage on, good natured but unabated, for years to come in 
spite of hybrid attachments.” 

Although Philbrick and others were intelligent enough to prevent their analog 
passions from obscuring their reasoning powers, they could not possibly see what 
was coming in a very few years. 
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Figure 4-2. 

Is this the fate of 
oscilloscopes 
whose innards 
are controlled by 
knobs instead of 
microchips? 



Jack Kilby built his IC in 1958. By the middle 1960s, RTL and DTL were in 
common use. 

While almost everyone agreed that digital approximations weren’t as elegant as 
“the real thing,” they were becoming eminently workable, increasingly inexpensive, 
and physically more compactable. With their computing business slipping away, 
the analog people pulled their amplifiers out of computers, threw the racks away, 
and scurried into the measurement and control business. (For a nostalgic, if not 
tearful, look at analog computers at the zenith of their glory, read A Palimpsest on 
the Electronic Analog Art, edited by Henry M. Paynter.) 

If you have read thoughtfully to this point, it should be obvious that analog is 
not dead, rather just badly shaken and overshadowed in the aftermath of the war. 
Although measurement and control are certainly still around, the really glamorous 
and publicized territory has been staked out by the digital troops for some time. 
Hard-core guerrilla resistance to this state of affairs, while heroic, is guaranteed 
suicide. To stay alive, and even prosper, calls for skillful bargaining based on thor- 
ough analysis of the competition’s need. 

The understanding that analog is not dead lies in two key observations. First, to 
do any useful work, the digital world requires information to perform its operations 
upon. The information must come from something loosely referred to as “the real 
world.” Deleting quantum mechanics, the “real world” is analog. Supermarket 
scales, automobile engines, blast furnaces, and the human body are all examples of 
systems that furnish the analog information that the silicon abacus requires to jus- 
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tify its existence. So long as transduction remains analog in nature, the conversion 
process will be required. 

A further observation is that many microprocessors are being used not to replace 
but to enhance a fundamentally analog measurement or process. The current spate 
of microprocessor-controlled digital voltmeters furnishes one good example; others 
include digital storage oscilloscopes and smart thermometers. 

If one insists on bringing ego into the arena, the digital devotee will argue that the 
analog content of these things is an unfortunate nuisance that must be tolerated. The 
analog aficionado, if permitted to speak, will counter that digital techniques exist 
only to aid in getting a better grip on a fundamentally analog existence. The ques- 
tion of who is most correct is subject to endless debate and is not really germane. 

The point is that although analog is not dead, its remaining practitioners must be 
more systems creatures and less circuit addicts. To be sure, circuits are required to 
build systems, but analog technicians can only make themselves indispensable in a 
digital world by their recognized ability to supply what it needs to accomplish its 
mission. 

That this is the case can be easily proven. Consider the effect on the major digital 
powers of a complete embargo of data converters and signal-conditioning compo- 
nents by the small analog nations. How can a supermarket scale compute the cost of 
goods it can’t get weight information on? Of what use is a process controller without 
inputs or outputs? Think of the long lines of microprocessors waiting at the distrib- 
utors for what few DIPs of analog I/O might be available! Imagine rationing of 
instrumentation amplifiers and V/F converters and alternate D/A and A/D days. 

So it seems that analog is not so dead after all but really playing possum. By 
occupying this position, analoggers will stay healthy, very much alive, and need not 
leave town. 

An uneasy but workable harmony has thus been negotiated with the dominating 
numerical nemesis. This compromise is not optimal, but it’s certainly a more desir- 
able and useful existence than being dead and is worthy of praise and respect by 
everyone. 

Do all you bit pushers out there get the message? 



Figure 4-3. 

Analoggers can 
stay very much 
alive and need 
not leave town. 
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What Is Analog Design? 



Everyone knows analog design is different from other branches of electronics. But 
just what is analog design? There’s no definitive answer in this section, but three 
authors do offer insights that point the way toward an answer. 

Bernard Gordon, president of Analogic Corporation, discusses a key part of analog 
design — the requirement that designers be able to visualize and manipulate, both 
on a conscious and unconscious level, the multiple factors and interrelationships 
between those factors present in every analog design. As he notes, this is more an 
art than a science. 

Digital electronics can be thought of as dealing with a world that’s either black or 
white (or 0/1 or true/false), with no fuzzy gray areas between those levels. Samuel 
Wilensky tells how analog design is the art of working in those gray areas, with 
designers required to optimize a circuit by sacrificing one parameter so another can 
be enhanced. He uses the evolution of the digital to analog converter to show how 
advances in analog design come through intuition and “feel” as much as through 
rigid application of fixed rules. 

Maybe the best way to understand what analog design is all about would be to 
“walk through” an analog design task. Jim Williams retraces William R. Hewlett’s 
footsteps a half-century later and discovers that, while the components may have 
changed, the basic principles and philosophy are still intact. 
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5. On Being the Machine 



The art of analog design per se is not generally very different from that of other 
engineering endeavors. It is the purpose of this chapter to convey a visceral sense of 
the art of engineering, particularly as related to creative or innovative conceptions. 

Assume the engineer possesses, as a necessary minimum requisite for being an 
analog designer, a broad and general knowledge of electronic circuit physics and 
mathematics, the characteristics of available componentry, and the capabilities of 
modem manufacturing processes. Furthermore, to produce competent designs capa- 
ble of being manufactured in quantity and of retaining their desired performance 
specifications, the engineer must have developed a thorough understanding, sensi- 
tivity to, and appreciation of tolerances and error budgeting. 

There remains, however, an additional criterion for being truly creative and not 
merely competent ... the development of sufficient art and skills to synthesize 
innovative, inventive new devices (machines). What is needed is the ability to envi- 
sion the purpose and totality of the device as a whole, in order to be able to syner- 
gistically relate the parts of the design, minimize the number of elements, and 
produce what must be described as an elegantly simple solution. 

The creative designer must be able to develop the mindset of “being the machine,” 
in order to become the “mental and living embodiment” of the circuit or system. The 
ability to do so is less dependent on textbook learning and analysis than on devel- 
oping the capacity, by experiencing a succession of increasingly complex problems, 
to simultaneously conceive, pursue, examine, and compare multiple possible solu- 
tions. The designer must then be able to envision the interrelationships, tolerances, 
and weaknesses of components and processes and then consciously and subcon- 
sciously recognize what suddenly appears as a realization and visualization of an 
elegantly simple coherent solution of interacting, self-supporting componentry'. 

As a first simple example, consider the design of the acoustic memory that was 
incorporated into the first commercial digital computer, Univac I, circa 1949. While 
it was part of a digital computer and was employed for the storage of serial digital 
words, the design requirements were basically analog in nature. The recirculating 
loop, shown in Figure 5- 1 , was to consist of an input gate structure whose output 
was applied to an RF modulator circuit, which in turn drove a piezoelectric trans- 
ducer, which converted the electrical signal into mechanical vibrations. These vibra- 
tions propagated acoustically through the mercury channel and impinged upon an 
identical piezoelectric transducer, reciprocally producing the RF signal at highly 
attenuated levels. This attenuated signal was to be amplified and demodulated and 
returned to the gating structure for reclocking to pass through the loop again. 

Univac I operated at a clock frequency of 2.25 MHz, or approximately 0.444 msec 
per pulse. The system design called for a rise time of approximately 0.2 msec, cor- 
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Figure 5-1. 

Block diagram of 
"recirculating 
loop" mercury 
acoustic memory 
used in the 
Univac I circa 
1949. 




responding to a video bandwidth of about 2.5 MHz or an RF bandwidth of about 5 
MHz. 

On the surface, this might seem like a straightforward problem. Indeed, referring 
to Figure 5-2, the initial brute force design, in part based on competent considera- 
tions of practical transducers and ultrasonic attenuation characteristics, called for a 
synchronously tuned system with each component of the system tuned to 1 1.25 
MHz. It might have seemed quite obvious to cut the transducers to the frequencies 
that they would be expected to vibrate at and to tune the RF amplifiers to the same 
frequency. However, the designers of the system found that they could not obtain 
even a close approximation to the transient rise times needed, for the mechanical 
physics of the transducers established their bandwidth, and therefore, regardless of 
the width of the individual stages of the RF amplifier or the number of stages em- 
ployed, the desired performance could not be obtained. 
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Now, consider another approach in which the characteristics of each of the indi- 
vidual elements of the systems and their limitations are internalized by the designer. 
With an understanding of the physics limiting the bandwidths of the cry stal trans- 
ducers, allow for the possibility that the crystals should not be cut to the transmission 
frequency but to frequencies both well below and above that frequency. 

Assume that the designer has not only a knowledge of the physics and therefore 
the equivalent circuit of the mechanical transducer but also has a broad background 
in the mathematics related to functions of a complex variable and an ability to com- 
pute the transient response of a system characterized by a complex set of conjugate 
poles. Further assume that the designer is intimately familiar with the responses of 
conventional textbook filters, such as Butterworth maximally flat or Bessel maxi- 
mally linear-phase filters, and recognizes that with the Butterworth the transient 
response will ring too much and with the Bessel the economy of the system will be 
inadequate due to the requirement for too many gain stages. 

Now further suppose that the designer “fills” his head with many, many possible 
other relevant factors and design possibilities, orders them in his head, thinks of 
little else . . . and goes to sleep. 

The designer then subconsciously conceives of making not a good flat-response, 
amplitude-wise or linearity-wise, amplifier, but rather of making an amplifier which 
on its own cannot do the job. In concert with the displaced poles of the crystal trans- 
ducers, however, the modulator, amplifier, and transducers make up a system whose 
transfer function, characterized by the concerted totality of the pole positions, pro- 
vides a performance significantly better than any single part of the system could 
have done individually. That is, the whole is better than the sum of its parts — see 
Figure 5-3. 




Figure 5-3. 

Results of an 
integrated system 
design. 



25 




On Being the Machine 



Having considered a solution to a problem that existed over four decades ago and 
recognizing what may now appear to be an obvious solution, the reader may be 
inclined to shrug and say, “So what?” But recall that major engineering efforts, 
based on what was, at the time, the obvious brute-force approach were expended by 
highly competent engineers before the more apparently sophisticated, but actually 
simpler, approach based on broader considerations and visceral recognition was 
brought to bear. 

Consider now another example, perhaps somewhat more complex, related to the 
development, in the early 1970s, of what were then called “Computer Assisted 
Tomography” systems, which today are known as CAT scanners. In one generation 
of these systems (later the most popular called “Fan Beam Rotate-Rotate” machines), 
a multiplicity of detectors, indeed many hundreds, simultaneously convert impinging 
X-ray photons into low-level currents on the order of a few hundred nanoamperes 
full scale. In order to be able to compute a high-quality image with great detail and 
minimum artifacts, it is necessary to integrate and measure these currents over a 
dynamic range of one million to one and with every channel tracking every one of 
the hundreds of other channels to within a few parts in a million over that entire 
range. Experienced analog engineers will recognize this requirement to be a formid- 
able task. 

Early designs made by competent specialists resembled Figure 5-4. In a conven- 
tional way, the designers placed a preamplifier at the output of the detector, con- 
verted the output of the preamp into a current source, whose output in turn was 
applied to an integrator, which was periodically reset between pulses of X-ray. In 
an attempt to achieve performance approaching that needed, engineers searched 
catalogs for the lowest leakage current, lowest input offset voltage, and most stable 
amplifiers available. They obtained the most stable resistors and best capacitors. 

But no designs were made that could achieve, within perhaps two orders of magni- 
tude, the necessary accuracy, stability, and linearity. Objective calculations, based 
on components available two decades ago, indeed even now at the time of the writing 
of this essay, would indicate that no error budget could be drawn that would imply 
that there was a practical solution. 

However, the practical circuit of Figure 5-5 resulted from the concepts of engi- 
neers who had studied the entire tomography process, understood the physics of X- 
ray attenuation and statistical noise, who knew control loop theory, and particularly 
understood and accepted the limitations of components. They conceived that it 
should be possible to make a circuit which simultaneously autozeroed out both 
voltage and current drift errors. If this could be achieved, they could not only com- 
pensate for errors within the amplifier and integrator amplifiers but also for leakage 
currents in the detector, dielectric absorption in connecting cables, and also for 
other dielectric absorption in the integrator capacitor, following reset. 

On the surface it would appear as if the block diagram of Figure 5-5 is more 
complicated than that of Figure 5-4 and that the costs for such a circuit might be 
greater. But if such a circuit could be practically designed, then the total cost of its 



Figure 5-4. 

Block diagram of 
a precision 
"pulsed" X-ray 
detector current 
integrator. 
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Figure 5-5. 

Current and 
voltage auto- 
zeroing pulsed 
X-ray detector 
current integrator 
circuit. 



components could be substantially less than those “very best” components that had 
been selected for the block diagram of Figure 5-4 . . . and yet produce significantly 
superior performance. 

Now examine the circuit of Figure 5-6. Its operation is not obvious. This circuit, 
conceived and invented by Flans J. Weedon and awarded U.S. Patent No. 4,163,947, 
is entitled “Current and Voltage Autozeroing Integrator.” Its parts cost at the time 
of design was nearly five times less than the parts cost of a high-quality implemen- 
tation of Figure 5-4. In this circuit there are tw'o low'-cost operational amplifiers 
having moderately common input current and offset voltage specifications. Study 
the configuration of the four switches. Notice the following combination of actions. 
Assume that the switch labeled V az is connected to ground and the switch labeled 
Int is open, so that the right side of the integrating capacitor of Cl must be at ground 
potential. If, at the same time, the switch labeled Reset/V az is closed. Cl will be 
discharged. If also at the same time the switch labeled / az is closed, the error voltage 
that would otherwise appear at the output of the second amplifier is servoed to yield 
a net zero current sum into the integrating capacitor. Thus, there is established at C2 
a potential which compensates for detector leakage currents, cable leakages, offset 
current in the first amplifier, offset voltage in the first amplifier, offset voltage in 
the second amplifier, and input current in the second amplifier. When switch lnt is 
reconnected and all other switches opened, the right-hand side of Cl must be at 



Figure 5-6. 

Current and 
voltage auto- 
zeroing integrator 
developed by 
Hans J. Weedon 
of Analogic 
Corporation 
(U.S. patent 
#4,163,947). 
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“zero” voltage, and the net current to be integrated in Cl other than from the detec- 
tor source is “zero.” 

With the realization of this circuit nearly two decades ago, it was quite possible 
to produce, in large-scale manufacture and at quite low cost, a low-level pulsed 
integrator whose effective input current was about 0.01 picoamp! At the same time, 
the effective output voltage drift was less than 0.1 microvolt per degree Celsius! 

But, perhaps more important, this elegantly simple circuit enabled the system de- 
signer to realize significant savings in detector costs. Due to the ability of the circuit 
to cancel the effects of detector leakage, the construction of the detector could be 
based on substantially lower-cost materials and testing. 

Now' consider a modern digital signal processing system requirement. Figure 5-7 
shows the sequence of functions in what might be a high-speed, high-accuracy 
mathematical waveform generator. The sequence of events is that a primary com- 
puted function undergoes secondary digital filtering, the output of which is applied 
to a high-speed digital-to-analog converter, whose output is transferred to a holding 
circuit, the output of which is applied to a recovery filter, and thence to an output 
amplifier. The problem is to determine the “optimum characteristics” of each of the 
building blocks. Presume that a project engineer were to write a specification for 
each of these building blocks. Is there, in fact, a set of individual specifications 
which, independent of each other, can provide a reasonably optimum technical 
economic result? 

Assume that the computed function is to cover a frequency range from 0 to 100 
MHz, that the rate of computed words is to be about four hundred million per second, 
and that analog integrity is to be preserved to the 12-bit level. A multiplicity of 
interacting, conflicting requirements arises if the architect project engineer attempts 
to assign to a group of designers the task of preparing a specification for each indi- 
vidual piece. Characteristics of the recovery filter depend on the characteristics of, 
at least, the holding circuit, the digital prefilter, and the computing function. The 
characteristics of the holding circuit in turn certainly depend on the D/A converter 
and the output filter. The nature of the computed function depends on the algorithms 
and the computing capability, and this in turn will be directly related to the capabili- 
ties and characteristics of the other building blocks. 

How, then, will the project engineer realize a superior solution unless an integrated 
sequence of operations can be visualized and internalized? One part of the engineer 
must be the computing function, linked to another part which is the digital filter, in 
turn linked to yet another part acting as the D/A converter, and so on. The designer 
must, in a certain sense, interactively play these internal-self parts, balancing off in 
various combinations the possible capabilities and limitations of the individual 
functions. The designer must fully understand the error-producing effects of these 
interrelationships. The design decisions for each function cannot be explicitly com- 



Figure 5-7. 

Functional 
sequence of a 
mathematical 
wave form 
generator. 
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puted in a linear manner but rather must be arrived at via a series of interactive 
decisions. The designer must be as an artist— he must cogitate, smell, and feel the 
system. The problem must dominate the engineer’s mind and being, such as when a 
concert pianist or violinist performs a work. 

This is a trying and complex task. A breadth of knowledge is required, an intensity 
of concentration or attack is required, the designer must live and sleep the problem, 
and eventually, a set of compromises, clever relationships, and compensating effects 
will yield, in their totality, a result significantly superior to that which might be 
obtained by the mere summation of a subset of independent specifications. 

There has always been, and there probably always will be, the need for analog 
designers to find competitive and clever solutions, superior to those which might 
merely be just competently arrived at. In the examples given, the common denom- 
inator is the need for the designer to mentally and physically, consciously and 
unconsciously, relate to the problem. In the case of the Univac memory, it was the 
need to understand the behavior and limitations of the piezoelectric transducers by 
attempting to think, “I am a transducer; what can I do, what can I not do, how can I 
best be used?” And then, to become a modulator or an amplifier and understand, as 
such, one’s limitations and possibilities in gain bandwidth relations. In the second 
example, it is the need to become an X-ray detector that converts photons to electrons 
or to understand the limitations of analog components and then to try to arrange 
one’s being into a new form and to mentally play until a new solution is recognized. 

As postulated at the beginning of this chapter, one cannot write an equation for 
the mental state or methodology by which any individual designer might go about 
“Being the Machine,” but the ability to do so, however it is derived, generally pro- 
duces superior results. It transcends simple competent, knowledge and its application 
and becomes an act of creativity, or an art form. 
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6. Reflections of a Dinosaur 



Sixty five million years ago, at the end of the Cretaceous period, the dinosaur 
vanished from the earth. Some scientist believe that the disappearance was due 
to the cataclysmic collision of a large body with Earth. 

The explosive growth of digital technology is the cataclysmic event that has 
threatened the analog designer with extinction. The linear circuit engineer has been 
added to the list of endangered species. For the past twenty years the focus of the 
engineering curriculum has shifted priority from analog to digital technology. The 
result of this shift is that only a small fraction of recently trained engineers have the 
analog design skills necessary to attack “real world” problems. The microprocessor 
has revolutionized the area of measurement and control, but the transducers used to 
measure and control temperature, pressure, and displacement are analog instruments. 
Until sensors and actuators are available that can convert a physical parameter such 
as temperature directly to digital information, the analog designer will still be in 
demand. 

Analog design is a challenging field because most projects require the designer to 
optimize a circuit by surrendering one performance parameter to enhance another. 
As an old analog guru once said when comparing the analog and digital disciplines, 
“Any idiot can count to one, but analog design requires the engineer to make intelli- 
gent. trade-offs to optimize a circuit.” Analog design is not black or white as in 
“ones” and “zeros”; analog design is shades of gray. 

This essay contains the reflections, thoughts, and design philosophies of a nearly 
extinct species of electrical engineer, the analog circuit designer. Digital technology 
has reduced our population to a small fraction of those that existed twenty or thirty 
years ago. This is unfortunate since the need for, and the challenge of, analog design 
is still with us. This chapter relates experiences 1 have had as an electrical engineer 
since I received my degree in June 1 959. 1 hope these reflections will in some way 
encourage and help the recently initiated and entertain those of you who remember 
filament transformers and B + power supplies. 

My undergraduate electrical engineering education covered mainly vacuum tube 
technology, but there were two “new” areas that the department felt were of signifi- 
cant enough importance to include in the curriculum. As a result, we received a 
one-hour lecture on transistors and a one -hour lecture on crysistors. For those of 
you w'ho are unfamiliar with the crysistor, it is a superconducting magnetic memory 
element that showed promise of revolutionizing the computer world. 

It would have been difficult to predict in 1960 that the vacuum tube would become 
a relic of the past, transistor technology would rule, and the crysistor would com- 
pletely disappear from the scene. Although the crysistors never made it, the discov- 
ery of new low-temperature superconductors may give it a second chance. 

It amazes me that most of the technology I work with today did not even exist in 
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the late ’50s and early ’60s. I mention this to emphasize that a firm understanding of 
fundamental principles is much more important to one’s long-term success in engi- 
neering, or any field for that matter, than the learning of some specific skill. For 
example, without a thorough understanding of Maxwell’s equations and Ohm’s law 
and how they are applied, it would be difficult, if not impossible, to progress with 
new technologies. My approach to troubleshooting circuits is, “The circuit will not 
violate Ohm’s law.” If I make measurements that suggest the opposite, I look for 
oscillations. But I digress — back to the “early years.” 

The late 1950s were the times of vacuum tube digital computers with 16 K of 
memory. Computing power that today fits on a desktop occupied hundreds of 
square feet of space. The mechanical desktop calculators we used required several 
seconds to multiply two 10-digit numbers. They were not portable, so everyone 
carried slide rules that were quicker to use, easier to carry around, and didn’t need 
1 10 V electrical power. The slide rule only produced an answer to three or four 
significant digits, but this was not a real limitation since electrical engineering was 
only a 1 % or at best a 0.1% science. Measuring instruments were all analog and 
even a General Radio meter with the black crinkle finish and a mirrored scale (now 
that shows my age) would only yield a voltage measurement of three significant 
digits at best. 

During the mid 1950s a 12-ounce container of Coke (which at that time referred 
to a soft drink) cost a dime. The top-of-the-line Chevrolet and a year at a private 
university cost about the same — $2,000. As an economist friend of mine once 
pointed out, inflation is a relative thing, since the price of the Chevrolet and a year’s 
tuition for a private university have remained constant over the years. 

The thirty or so years between the late 1950s and the present have brought many 
changes. The vacuum tube digital computer which once occupied a room is now 
fabricated on a silicon chip the size of your thumbnail. The mechanical calculator 
and slide rule have disappeared and been replaced by the solar powered scientific 
calculator. Electrical measurements are made with digital instruments that are accu- 
rate to six or seven significant digits, and Coke is no longer just a soft drink. To 
those of us in the analog world, digital technology is a two-edged sword. Digital 
technology has created powerful tools for the analog designer to use, but it has also 
depleted our ranks by attracting some of the most promising students. This is unfor- 
tunate since some of the most challenging problems are analog in nature, and fewer 
and fewer graduating engineers are equipped to solve them. 

I classify analog designers into one of two categories. There are those who do 
truly original work, and these I consider the artists of our profession. These individ- 
uals, as in most fields, are very rare. Then there are the rest of us, who are indeed 
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creative, but do it by building on the present base of knowledge. A quote from Sir 
Isaac Newton beautifully describes how this design process works: 

If I have seen farther than others 
it is by standing on the shoulders of giants. 

— Sir Isaac Newton to Robert Hooke. February 5. 1675 



Figure 6-2. 

Transistor- 
transistor 
switched binary 
weighted 12-bit 
DAC. 



A less tasteful, but some would say more honest, illustration of how electronic- 
circuits are designed is contained in a humorous 1950s song by Tom Lehrer: 

Plagiarize, Plagiarize, 

Let no one else’s work evade your eyes. 

Remember why the good Lord made your eyes. 

So don’t shade your eyes but, 

Plagiarize, Plagiarize. 

Only be sure always to call it please, 

Research. 

— Song by Tom Lehrer 



I quoted the lyrics of the Lehrer song tongue-in-cheek, but circuit design is an 
evolutionary process where one must draw on past developments. The digital-to- 
anaiog converter (DAC) of the early 1960s is a classic example of how a circuit de- 
velops, changes, and improves as it moves through the hands of different designers. 

For those of you not familiar w'ith DACs a quick explanation is in order. The 
DAC is a device whose input is a digital number, usually in a binary format, and 
whose output is an analog signal. The analog output is usually a voltage or a current 
whose value is a function of the digital input and a reference voltage (see Figure 6- 1 ). 
The DAC was one of the first circuits developed for linking the analog and digital 
domains, and even today the DAC plays a large role in computer graphic terminals, 
music synthesizers, and the many other applications in which a digital processor 
must communicate with the analog world. 

During the early 1960s transistors were replacing vacuum tubes, and digital inte- 
grated circuits were just becoming available. Analog integrated circuits were not 
widely available, and those that were available were expensive. Almost all analog 
circuit design was carried out with discrete components and an occasional integrated 
amplifier. The transistor was becoming available, and since it closely approximates 
an ideal current source, it was an excellent candidate for the switch in a current out- 
put DAC. The first DACs built with transistors used emitter coupled current 
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sources. The emitter coupled transistors (see Figure 6-2) steered the current to the 
output bus (/ out ) or common (GND), depending on the level of the digital input. 

The most significant bit (MSB) 1 current source consist of a resistor (Rl) and two 
pnp transistors (Q 1 , Q2). The servo amplifier (A 1 ) biases the base of Q 1 to approxi- 
mately 1 .4 V. When the base of Q2 is above 2.0 V (a digital logic “ 1 ”), all current 
through Rl is steered to/ out through Ql, since Q2 is cutoff. Conversely, when the 
base of Q2 is lower than 0.8 V (a digital logic “0”), all the current is steered to GND 
through Q2, since Ql is cutoff. 

The reference loop Q25,A 1 ,R 1 3, and R 14 biases the bases of the transistors 
(Q 1 , Q2, . . . , Q2 1 , Q23) connected to 7 0Ut , maintaining a constant voltage across the 
current setting resistors R 1 through R12. The values of the components are selected 
for a nominal base bias voltage of 1 .4 V. It will be left as an exercise for the student 
to show that when the digital input bit is a logic “1” the servo amplifier (A1 ) will 
maintain the same voltage across resistors Rl through R12 by adjusting the base 
voltages of all the transistors connected to 7 oul . The magnitude of the constant volt- 
age across the resistors will be V ro f X (R13/R14). Since each current setting resistor 
is twice the value of the resistor to its left, the currents from each switch will be 
binary weighted. That is, the current of each switch will be A the current of the 
switch to its left. 

If the operation of the reference loop is not clear, don’t spend serious time trying 
to understand it, as it is not necessary for the discussion that follows. A detailed 
discussion of DAC reference loops can be found in one of the data conversion hand- 
books that are available from converter manufacturers. 

The analog output of this DAC is a current that can be converted to a voltage by 
connecting a resistor from the 7 ou , terminal to ground. To ensure that the transistors 
remain biased in the correct operating range, the 7 0Ut terminal should not exceed 
+ 1 V. For a DAC that produced a 2 mA full scale output current, a 500 II resistor 
connected from 7 out to ground would produce a 0 to +1 V output swing. A -1 V to 
+ 1 V output swing could be obtained by terminating the 7 out terminal with a 1000 1! 
resistor to -1 V source instead of ground. 

As stated before, the current setting resistors of each switch pair increases in a 
binary sequence. The current from each transistor pair is twice that of the transistor 
pair on its right and half of the current of the transistor pair on its left. If the MSB 



l . Bit is an acronym for a digit of a binary number. It is derived from Binary /n7eger. The highest order 
digit of the binary number is usually called the MSB or Most Significant Bit. The Bit's are also labeled 
to indicate their relative weight in the binary number. For example the MSB is also called the 2 _1 bit 
because it contributes 'A of the full scale output current the next lower order bit is labeled 2” 2 since it 

contributes 'A of the full scale output current. The lowest order bit of a binary number is called the LSB 
or Least Significant Bit. 
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of the digital input is a logic “1” and all the other digital inputs are “0,” the output 
current would be A its full scale value. If the MSB- 1 (2~ 2 ) is a logic “ 1 ” and all the 
other digital inputs are “0,” the output cuiTent would be / of full scale. If both the 
MSB and the MSB-1 are logic “l”s and all the other digital inputs are “0,” the output 
current would be M CA+'A) of full scale. In this manner any combination of digital 
“ I ”s and “()”s can be converted to a current. 

This circuit topology functioned fine but used two transistors per switch. In the late 
1960s transistors were expensive and occupied significant space on the printed cir- 
cuit board. In an effort to reduce cost and size, an imaginative engineer realized that 
the transistors that steered the current to ground could be replaced with simple diodes 
(see Figure 6-3). The substitution was possible because converters were usually 
driven with digital logic capable of sinking several milliamps of current to ground. 

The diode is smaller and less expensive than a transistor, reducing the cost and 
size of the converter with no degradation in performance. The trade-off that the 
designer made to obtain a decrease in cost and size was the requirement that the 
converter’s digital drive sink several milliamps of current to ground. At the time 
this did not represent a serious compromise, because digital CMOS logic was not 
widely used. The most popular logic used bipolar transistors and could easily sink 
the necessary several milliamps of current. 

The circuits of Figures 6-2 and 6-3, although very simple, possessed one major 
drawback, that of speed. The currents of the LSBs are so much less that the currents 
of the MSBs, that the switching times of the LSBs are significantly slower than the 
MSBs. This difference in switching time results in large switching transients or 
“glitches.” In the case of a 12-bit converter the ratio of the MSB current to the LSB 
current is 2048 to 1 . For a 1 2-bit converter with a 1 mA MSB, the LSB would only 
switch 500 nA and the LSB switching time would be at least an order of magnitude 
slower than the MSB. In many slow speed applications the switching transients are 
not important, but for high speed applications, such as drivers for graphic terminals, 
glitch-free operation is essential. 

I don’t know who first had the idea, but someone formulated the concept of oper- 
ating all the switches at the same current and performing the binary division of each 
bit at the output of the appropriate current source (see Figure 6-4). 

The binary current division is accomplished with the R-2R 2 ladder connected to 



Figure 6-4. 

Transistor-diode 
switched R-2R 
current division 
12-bit DAC. 



2. The current divider of Figure 6-4 is called an R-2R ladder because of the similarity of the resistor 
configuration to a ladder laid on its side, the rungs of the ladder are the even numbered resistors R 1 6 
through R32. The top side of the ladder is formed by the odd numbered resistors R15 throught R35. 
The bottom side of the ladder is Common (GND). The ratio of the values of the even numbered 
resistors to the odd numbered resistors is 2: 1 . Thus the current divider is called and R-2R ladder. 

The termination resistor is a special case and has a value of R since the ladder is finite in length. 
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the outputs of the current steering switches. For those unfamiliar with the R-2R 
ladder, it is an interesting exercise to calculate what fraction of current introduced 
into the nth R-2R-R node will reach a load resistor R L connected from the / out node 
to ground. A little mathematical manipulation will show that the current introduced 
at any node of the R-2R ladder is attenuated by 



2~ n X (2R/(R l +2R)) 

when it reaches the load resistor R L ; where n = the number of stages between the 
node where the current is introduced and the 7 0Ut node. 



n = 0 for the MSB 
n= 1 for the MSB- 1 
n = 2 for the MSB -2 



n = n- 2 for the LSB+ 1 
n - n - 1 for the LSB 

An interesting property of the R-2R ladder is that the resistance of the ladder at any 
R-2R node looking to the right is always 2R. Using Figure 6-4 as an example, the 
resistance looking into R35 is 1000 f l, R35 + R36. The resistance looking into R33 
is also 1000 ft, (R33 added to the parallel combination of R34 with the sum of R35 
and R36). This calculation can be repeated at each node, and you will find that the 
resistance looking into / ou , is also 2R. 

When all the current sources are made equal and the current division is done with 
the R-2R ladder, the switching times of each bit are matched. The physical length of 
the R-2R ladder will introduce a differential delay from each bit to the / out node, but 
this is a very small effect and turns out not to be important if the resistance of the 
R-2R ladder is low. Even the small delay due to the propagation time through the 
R-2R ladder can be reduced by providing a separate divider for each bit (see Figure 
6-5). This scheme has been tried, and the results are almost identical to the dynamic 
performance of the R-2R divider. 

The use of equal current sources and a resistive divider, either the R-2R or the 
individual, improves the dynamic performance. The improved performance is gained 
at the expense of complexity and power consumption. The R-2R and the individual 
divider circuits use three resistors per bit instead of the one resistor per bit of the 
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binary weighted converters. The total current switched in the binary converters is 
the full scale output current of the converter. The total current switched by the resis- 
tive divider converters is A the full scale output current of the converter multiplied 
by the number of bits, since each bit switches 'A of the full scale current. A 12-bit 
binary weighted converter with a 2 mA full scale output current would switch 
2 mA. A 1 2-bit resistive divider converter with a 2 mA full scale output current 
would switch 12 mA. The dynamic performance of the slower binary weighted 
circuit is improved by increasing its complexity and power consumption. 

The binary weighted configuration and the current division configuration can 
be combined to form a converter that is faster and slightly more complex than the 
binary weighted scheme but less complex and only slightly slower than current 
division. The two combined topologies, binary weighting and current division, are 
shown in Figure 6-6. 

The first four bits of this hybrid converter are binary weighted. The four-bit con- 
figuration is repeated two more times to obtain 1 2 bits. The four-bit sections are 
coupled with a 16 to 1 divider so that the proper fraction of current from each bit 
will appear at the / out node. Using this scheme, the ratio of the highest to lowest 
switched current is now 8 to 1 instead of the 2048 to 1 ratio of the binary weighted 
converter. The 8 to I ratio is not as ideal as the 1 to 1 ratio of current division scheme, 
but the total switched current is halved from 1 2 mA, for the current division to 
6 mA for the hybrid configuration. The 8 to I current ratio yields switching times 
that are matched closely enough for all but the most demanding applications. 

The hybrid configuration averages 4/3 resistors per switch, which is slightly more 
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Figure 6-7. 
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than the binary weighted converter (one resistor per switch) and significantly less 
than the current division configuration (three resistors per switch). 

By combining and modifying existing circuits, new circuits can be created that 
are better suited for a particular application than the circuits from which they were 
derived. 

Performance is not the only parameter that can be optimized by modifying exist- 
ing circuits. Performance can sometimes be traded off for other variables such as 
cost and size. 

In the early 1970s Hybrid Systems (now Sipex) was looking for a technique to 
build a “cheap and dirty” digital-to-analog converter that could be given away as a 
promotional item. At the time, the circuit of Figure 6-6, or some slight variation, 
was the configuration used by most converter manufacturers. This circuit was too 
expensive to give away, so a modification was in order. We modified the circuit of 
Figure 6-2 by replacing all the switching transistors with diodes (see Figure 6-7). 
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This design works as long the / oul is maintained at 2 V. The current from each 
bit would flow to either the right- or left-hand diode, depending on the state of the 
digital input. To maintain the proper digital switching level and to keep the current 
through each bit constant, it is necessary to hold the / ou , node at 2 V. This is 
accomplished by using a transistor (Ql) as a constant voltage node to sum the 
currents from each bit. The reference loop of Figure 6-2 is replaced by four diodes 
(CR18,CR19,CR20,CR21), a zener reference (CR17), and a resistor (R9) (see 
Figure 6-8). The reference circuit depends on the forward voltage across a diode 
(CR19) tracking the of the transistor (Ql). This circuit compensates for 
changes of the transistor with temperature, but it does not compensate for changes 
in transistor beta. The reference circuit does not adjust as well as the servo loop, 
but it is good enough. The reference circuit maintains a constant voltage across the 
resistors (R1,R2, . . ., R8), and the transistor sums the bit currents to the 7 0Ut node. 
Since the emitter-to-base voltage of the transistor varies with emitter current, the 
linearity of the circuit was limited to slightly better than 8 bits (0.2%). 

A schematic of the design of what became Hybrid Systems’ DAC 371-8 is shown 
in Figure 6-8. The mechanical construction of the DAC 371-8 was also distinctive. 
The diodes and resistors were mounted on end, resulting in a DAC footprint only 
slightly larger than a 16 pin dual in-line integrated circuit package. The pins for the 
unit were configured to plug into a 16 pin DIP socket (see Figure 6-9). 

The HS 371-8, an 8-bit current output converter, was used as a promotional give- 
away, but the demand was so great we added it to our catalog as a standard product. 
It ultimately became our best-selling product of the early 70s, averaging about 
40,000 units a year for 10 years. The product was developed as a gimmick and 
turned out to be a real winner. Even today, 20 years later, units are still being sold. 

This trip through DAC history is an example of how a circuit evolves by modify- 
ing and improving an old design. One does not have to reinvent the wheel with each 
new project. You should keep up to date on recent developments and not be afraid 
to research how a particular function was implemented in the past. You can benefit 
from the accomplishments and the mistakes of others. Fight the NIH (Not /nvented 
//ere) attitude and improve on the work of others with your own original ideas. 

Manufacturing technology is also an area that gives the designer an opportunity 
to exercise innovation and creativity. The early DACs (vintage 1960s) were all built 
on printed circuit boards with discrete components. To keep the DAC as small as 
possible, designers used the fewest number of the smallest components. This meant, 
as we have seen, that diodes were substituted for transistors whenever possible. The 
two-terminal diode occupies less space than a three-terminal transistor. The modifi- 
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cation of the transistor-transistor switch (Figure 6-2) to the transistor-diode switch 
(Figure 6-3) is an illustration of replacing a transistor with a diode to reduce cost 
and save space. If switching time is not a consideration, one would choose a binaiy 
weighted DAC (Figures 6-2 and 6-3) over the current divider configuration (Figures 
6-4 and 6-5) since fewer resistors are required. The value of the resistors is not 
important when working with discrete components since all resistors of the same 
power rating are the same physical size. A 1/4 W 10 ft resistor is the same size as a 
1/4 W 100 Mft resistor. Since the least number of components minimizes size, the 
circuit with the least number of resistors is preferred. The “minimum component 
count” strategy is the one to use when the assembly is discrete components on a 
printed circuit board, but when chip and wire hybrid construction is used, a different 
approach is necessary. 

Chip and wire hybrid assemblies are constructed by attaching individual semi- 
conductor dice to a ceramic substrate. The surface of the ceramic substrate contains 
a gold conductor pattern that interconnects the semiconductor dice attached to the 
substrate. Electrical connections are made from the pads of the semiconductor dice 
to the gold conductors on the substrate with gold wire (see Figure 6-10). 

Precision resistors for the hybrid are made by depositing a thin film of resistive 
material such as nickel-chromium on a silicon wafer. Using standard semiconductor 
technology, the unwanted resistive film is etched away, leaving the desired resistor 
geometries on the silicon wafer. The wafer, with many identical circuits on it, is cut 
into individual dice. Each resistor die contains from one to several dozen resistors, 
depending on the design. The resistance value of the thin film resistor is determined 
by its geometry. The larger the value of the resistor the more area it occupies on the 
silicon die. Therefore, the area occupied by resistors in a chip and wire hybrid is 
determined by the total resistance and not by the number of resistors. In a chip 
and wire hybrid, the total resistance should be minimized to keep the unit as small 
as possible. 

The size advantage gained with discrete components by using a diode instead of 
a transistor is lost in a chip and wire hybrid assembly. A transistor die is approxi- 
mately the same size and cost as a diode die. In fact, when the circuit requires a 
diode, it can be obtained by using a transistor connected as a diode. The base and 
collector of the transistor are connected together to form one terminal of the diode, 
and the emitter of the transistor is the other terminal of the diode. Using a transistor 
to replace the diode can also help your purchasing department by reducing the 
number of different components it has to buy. 

It can be concluded from the last two paragraphs that the circuit topology used 
for printed circuit construction is not optimum for a chip and wire hybrid. Printed 
circuit construction places a high priority on minimizing the number of resistors to 
reduce the size of the unit. The total value of the resistance is the parameter that 
determines the size of a thin film resistor die used in a hybrid. For example, five 
10 Kft resistors on a thin film die occupy less than l/10th the area that one 500 Kft 
thin film resistor die will occupy. But five 10 Kft discrete resistors on a printed 
circuit board will occupy five times the space of one 500 Kft discrete resistor. To 
minimize the size of a chip and wire hybrid, one must minimize the total resistance, 
even though a greater number of resistors is used. 

The optimum topology for a 1 2-bit chip and wire hybrid DAC is different from 
the optimum topology for a discrete component version of a 12-bit DAC. Table 6-1 
shows the number of resistors required in the switching section for both the binary 
weighted and the current division DACs constructed using discrete components on 
a printed circuit board and the total resistance for both versions constructed using 
chip and wire hybrid technology. 
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Table 6-1 

Construction Techn ology B inary W e ighte d Current D ivision 

Printed circuit 12 resistors 36 resistors 

Chip and wire 20 megohms 0. 1 5 megohms 



If size were the only consideration, the binary weighting would be selected for the 
printed circuit assembly and the current division would be the selected for the hybrid. 
Since current division is faster than the binary weighted design, one might think 
that the hybrid possesses the best of both worlds — small size and good performance. 
But alas, the First Law of Engineering 3 has not been repealed. The hybrid is smaller 
and has better performance than the discrete component model, but to obtain these 
improvements the designer must compromise on cost. A precision chip and wire 
hybrid is always more expensive than an equivalent printed circuit design. If size is 
important, the user must be willing to pay for the decrease in size with an increase 
in price. 

A designer will usually have several circuit configurations from which to choose 
to perform a desired function. The designer should evaluate all circuit possibilities 
and select the configuration best suited for the job. To make the proper selection, a 
designer must evaluate every component of the circuit and be able to integrate these 
components into an optimum system. 

The paper design of the circuit is only one aspect of product development. 
Packaging, assembly, documentation, repair, trimming, testing, and last but not 
least, helping the end user with application problems are all important parts of pro- 
ducing a usable product. A good designer becomes involved in every aspect of 
product development. The designers name is on the product, and a good designer 
should do everything possible to assure its success. The designer should feel per- 
sonally responsible when the product develops a problem. 

At some point in the product development process, hardware, in the form of a 
breadboard, will appear. This is a decisive moment. One now has a circuit to which 
power can be applied. Before the breadboard w'as available, the design only existed 
on paper. You now find out if your theoretical design performs as you predicted. A 
word of advice: if the breadboard is completed on Friday afternoon, don’t power it 
up until Monday morning. Enjoy the weekend. 

The breadboard evaluation is a time to compare the actual performance to the pre- 
dicted performance. If the predicted and actual results do not agree, beware. Don’t 
casually dismiss the difference. Investigate thoroughly until you find the discrepancy 
between the paper design and the breadboard. I cannot emphasize enough the impor- 
tance of attaining agreement between the paper design and actual circuit operation. 

Occasionally during a breadboard evaluation, even though everything seems to 
be operating properly, I will get a second sense that something is not right. It’s hard 
to describe, but the feeling is there. It might be a wave form that has an insignificant 
wiggle or a voltage that is close to the proper value but not exact. When I get this 
feeling, I investigate the circuit more thoroughly than I normally would. More times 
than not 1 find a hidden problem. If the problem is not solved then, it will appear at a 
later time and really bite me in the rear end. If you sense a circuit is not operating 
properly, take heed; it probably isn’t. Place your trust in the “Force” and investigate. 

Working widt customers on application problems is challenging and can be 



3. The First Law of Engineering,* 1 You don’t get something for nothing,” is a result of the First Law of 
Thermodynamics. The First Law of Engineering also has applications in economics, business, and 
politics. 
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rewarding. Your interface with the customer is usually over the phone, so you have 
to develop a technique for trouble shooting at a distance. The person on the other 
end of the phone line usually performs the measurements you request and verbally 
communicates the results. In these situations take nothing for granted. What is 
obvious to you is probably not obvious to the person on the other end of the line, or 
you would not be on the phone in the first place. All the questions should be asked, 
no matter how mundane they may be. “Did you by-pass the power supplies with 
both ceramic and tantalum capacitors to ground'? 7 ’ Answers to such questions as this 
will give you a better feel for the level of expertise at the other end of the line. 
Customer interface can be rewarding, as you can sometimes solve a problem that 
the customer has struggled with for some time. Occasionally a situation will arise 
that can make you a legend in your own time. 

Several years ago I was testing a 1 2-bit DAC in the lab and obtaining some very 
strange results. After performing the usual checks 1 found the -15 V supply had 
become disconnected. The loss of the negative supply voltage resulted in the strange 
behavior of the DAC. I reconnected the supply and the unit worked fine. The next 
day 1 was sitting in our application engineer’s office when he received a call from a 
customer who was having a problem. The customer was testing the same model 
DAC that had given me the strange problem the previous day. As luck would have 
it, the problem he described was exactly the strange behavior I had witnessed the 
day before. 1 played a hunch and told our application engineer to have the customer 
check for a cold solder joint on the -15 V supply. The application engineer, looking 
a little skeptical, conveyed the information. About 15 minutes later the customer 
called back, verifying that his technician did find a bad connection on the -15 V 
supply. He fixed the cold solder joint and the unit worked fine. I never told our 
application engineer the whole story. Situations like that happen very seldom, so 
when they do, milk them for all they are worth. That is how legends are born. 

Even though digital technology has become the glamor segment of the electronics 
industry, analog design still provides excitement and challenge for those of us who 
enjoy the color gray. Integrated circuit technology has allowed the development of 
complex analog circuits on a single silicon die. It is ironic that digital technology 
has played a major role in making the new innovations in analog design possible. 
Without simulators for design, CAD systems for layout, and digital measurement 
systems for testing, analog technology could not have advanced to its present state. 
The design process has been highly automated, but a creative and innovative mind 
is still a requirement for good circuit design. It was once said that, “Anyone who 
can be replaced by a computer should be." The number of analog designers is 
fewer, but until the world is quantized into “ones” and “zeros,” the analog circuit 
designer still has a place in the electronic industry. 

I will close with an old story I first heard from Don Bruck, one of the founders 
of Hybrid Systems. The story defines the difference between an analog and a digital 
engineer. In keeping with contemporary demands, the story can be made less gender 
specific by switching the male and female roles. 

Two male engineers, one specializing in digital design and the other in analog, are 
working together in the laboratory. A nude female appears at the door, attracting the 
attention of both men. The vision of beauty announces that every 10 seconds she will 
reduce the distance between herself and the engineers by one half. The digital engi- 
neer looks disappointed and states, “That’s terrible, she will never get here.” The 
analog engineer smiles and then replies, “That’s okay, she will get close enough.” 

That is the essence of analog design — all else is explanation. 
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7. Max Wien, Mr. Hewlett, 
and a Rainy Sunday Afternoon 



One rainy Sunday afternoon, I found myself with nothing much to do. I’ve always 
treasured rainy Sundays that come supplied with spare time. With my first child on 
the way, I’ve taken a particular devotion to them lately. So l wandered off to my lab 
(no true home is complete without a lab). 

I surveyed several breadboards in various states of inexplicable nonfunction and 
some newly acquired power transistors that needed putting away. Neither option 
offered irresistibly alluring possibilities. My attention drifted, softly coming to rest 
on the instrument storage area. On the left side of the third shelf sat a Hewlett- 
Packard series 200 oscillator. (No lab is complete without an HP series 200 oscillator, 
see Figure 7- 1 .) 

The HP 200, directly descended from HP cofounder William R. Hewlett’s 
master’s degree thesis, is not simply a great instrument. Nor was it simply mighty 
HP’s first product. 1 This machine is history. It provided a direction, methods, and 
standards that have been reflected in HP products to this day. There is a fundamental 
honesty about the thing, a sense of trustworthiness and integrity. The little box is a 
remarkable amalgam of elegant theoretical ideas, inspired design, careful engineer- 
ing, dedicated execution, and capitalism. It answered a market need with a superior 
solution. The contribution was genuine, w'ith the rewards evenly divided between 
Hewlett-Packard and its customers. The HP 200 is the way mother said things are 
supposed to be — the good guys won and nobody lost. 

Digging in the lab library (no lab is complete without a library), I found my copy 
of William Redington Hewlett’s 1939 Stanford thesis, “A New Type Resistance- 
Capacity Oscillator” (no lab library is complete without a copy). 

Hewlett concisely stated the thesis objective (aside from graduating): 



?he aufcncr has fell, that there is a real reed of 
a new type oscillator that would combine the stability 
or the cc i : -condenser type, the flexibility of ocerat ; cr 
of tire boat-frequency type, ar.d still be light and portable 
as well as simple In construction and adjustment. 

The object of this research has been develop- 
ment , construction, and testing of such an oscillator 

Hewlett’s oscillator used a resonant RC netw'ork originated by Max Wien in 1891 
(sec the references at the end of this chapter). Wien had no source of electronic gain 



1 . Alsu, incidentally, easily their longest-lived product. The HP 200 series was sold by Hewlett-Packard 
until the mid-1980s, a production lifetime of almost 50 years. 
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Figure 7-1. 

One of the 
original Hewlett- 
Packard Model 
200A oscillators 
— the good guys 
won and nobody 
lost. (Photo 
courtesy of 
Hewlett-Packard 
Company.) 




(DeForest hadn’t even dreamed of adding a third element to Edison’s Effect in 
1891), so he couldn’t readily get anything to oscillate. Anyway, Wien was preoccu- 
pied with other problems and developed the network for AC bridge measurements. 

Hewlett saw that Wien’s network, combined with suitably controlled electronic 
gain, offered significant potential improvements over approaches then used to make 
oscillators. These included dynamic tuning range, amplitude and frequency sta- 
bility, low distortion, and simplicity. 

Hewlett had something else besides electronic gain available; he also had the 
new tools of feedback theory. Harold S. Black’s pioneering work, “Stabilized Feed- 
back Amplifier,” appears as the fourth reference in the thesis bibliography. Simi- 
larly, Nyquist’s “Regeneration Theory,” a classic describing necessary conditions 
for oscillation, is reference number three. 

Hewlett synthesized all this nicely to show that Wien’s network could be made 
to oscillate. Then he added a single (quite literally) crucial element. The oscillator’s 
gain must be carefully controlled to support stable sinusoidal oscillation. If gain is 
too low, oscillation will not occur. Conversely, excessive gain forces limit cycles, 
creating a square wave oscillator. The problem is to introduce an amplitude regu- 
lation mechanism that does not generate output waveform distortion. Hewlett 
describes the elegant solution: 

The last requirement, an amplitude-limiting 
device that will not introduce distortion, is more 
difficult to achieve. It is well known that the gain 
of an amplifier with negative feedback is 1/li, providing 
AI3 is large compared to 1. Thus if a resistance whose 
value increases with the current through it is used as 
past of the negative feedback network, the gain of the 
amplifier may be made to decrease with an increase in 
the input voltage. If an amplifier of this type is 
used as part of the oscillator, it can be adjusted so 
that oscillations will just start. As oscillations 
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build up, the gain of the amplifier will be reduced, 
thus reducing the tendency to oscillate and causing the 
amplitude cf oscillations to reach a stable value. If 
this value is low enough, the tubes will operate class 
A, and no serious distortion will be introduced. Further- 
more, any distortion that is produced, due to the non- 
linear characteristics of the tubes, will be reduced by 
a factor cf Afs by the action of the negative feedback.. 

For the variable resistance, a small tungsten 
lamp may be used. It is a well known property cf such 
lamps that as the current through them increases, the 
filament -warms up, thereby increasing the lamp resistance. 
Figure 2 shows how the resistance of a 110 volt, 6 watt, 
tungsten lamp changes with the current through it. It 
may seem that the maximum rate of change of resistance 
is when the lead current is less than 20 milliamperes, 
and so to get maximum effect, the lamp should be operated 
in this region. In Fig. 3 is shown a complete diagram 
of the oscillator. The negative feedback is applied 
from the plate of the output tube to the cathode of the 
input Luce. The lamp is placed from cathode to ground, 
so as to increase the feedback and reduce the gain of 
the amplifier as the oscillation builds up. 

The only requirement placed on the lamp is that 
it be operated at such a temperature thaL the time rate 
cf change of cooling be small compared to half the 
period of the lowest frequency. As the radiation 
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Figure 7-2. 

Hewlett's Figure 
2 plotted lamp 
l-V character- 
istics. (Courtesy 
Stanford 
University 
Archives.) 
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Figure 7-3. 

Hewlett's Figure 
3 detailed the 
oscillator circuit. 
Note Wien net- 
work and lamp 
(Courtesy 
Stanford 
University 
Archives.) 



is proportional to the fourth power of the absolute 
temperature, and as most of the energy is lost through 
radiation, this requirement may be easily met by not 
operating the lamp at too high a current. Under these 
conditions, the life of the lamp should be almost infinite. 

Hewlett’s use of the lamp is elegant because of its hardware simplicity. 2 More 
importantly, it is elegant because it is a beautiful example of lateral thinking. The 
whole problem was considered in an interdisciplinary spirit, not just as an electronic 
one. This is the signature of superior problem solving and good engineering. 

The lamp solved a tricky problem, completing the requirements for a practical 
instrument. The design worked very well. It covered a frequency range of 20 to 
20,000 cycles (it was cycles then, not Hertz) in three decade ranges with dial cali- 

2. Hewlett may have adapted this technique from Meacham, who published it in 1938 as a way to stabi- 
lize a quartz crystal oscillator. Meacham’s paper. “The Bridge Stabilized Oscillator,” is in reference 
number five in Hewlett’s thesis. 




Figure 7-4. 

Hewlett's Figure 
4 showed good 
distortion 
performance. 
What limited it? 
(Courtesy 
Stanford 
University 
Archives.) 




Frequency in C.PS. 
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Figure 7-5. 

My version of 
Hewlett's circuit. 
Distortion was 
much better, but I 
was fifty years 
too late. 



bration accuracy of 1%. The lamp maintained output amplitude stability within 
0.2% at 100 cycles, varying only 1 dB from 20 to 20,000 cycles. Peering into my 
HP 20 1 , 1 can see the light bulb, just where Hewlett, or one of his assistants, left it. 

Hewlett’s Figure 4 showed distortion well within 0.5% over the output range. 
This distortion figure caught my attention. By contemporary standards, Hewlett’s 
6J7/6F6-based “op amp” had major performance limitations. 3 How good, I won- 
dered, would Hewlett’s basic circuit be with a modern op amp? 

And so, some fifty years after Hewlett finished, I sat down and breadboarded the 
oscillator to the meter of that Sunday afternoon rain. My circuit is shown in Figure 7-5. 

This circuit is identical to Hewlett’s, except that I have managed to replace two 
vacuum tubes with 94 monolithic transistors, resistors, and capacitors. 4 (I suppose 
this constitutes progress.) After establishing the 430 Q. value, the circuit produced a 
very nice sine wave. Connecting my (HP) distortion analyzer, I was pleased to mea- 
sure only 0.0025% distortion (Figure 7-6). Then, I went ahead and endowed the 
basic circuit with multiple output ranges as shown in Figure 7-7. 

This also worked out well. As Hewlett warned, distortion increases as oscillator 



3. For those tender in years, the 6J7 and 6F6 are thermionically activated FETs. descended from Lee 
DeForest. 

4. To be precise, there are 50 transistors, 40 resistors, and 4 capacitors in the device. 



Output 10V/D1V 



Distortion .003% 



Horiz. = 
100p.sec/DlV 




Figure 7-6. 

Output waveform 
and distortion for 
my first oscillator. 
Distortion was 
0.0025%. 
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Figure 7-7. 

A wide range 
version of the 
basic circuit. 
Multiple lamps 
provided longer 
gain loop time 
constant, 
improving low 
frequency 
distortion. 



Figure 7-8. 

Distortion versus 
frequency forthe 
wide range 
oscillator. The 
effect of the 
multiple lamp 
approach is 
clearly evident, 
but what causes 
increasing high 
frequency 
distortion? 



( LI -*"*■*# /Mf 




frequency descends towards the lamp’s thermal time constant. This effect can be 
attenuated by increasing the lamp’s thermal time constant. The easiest way to do 
this is to add more and bigger lamps. This causes longer amplitude settling times, 
but low frequency distortion is reduced. Plotting distortion versus frequency clearly 
shows this (see Figure 7-8). 

Looking at the plot, I wondered just how far distortion performance could be 
pushed using Hewlett’s suppositions and conclusions as a guide. The multi-lamp 
experiment indicates that distortion rise at low frequencies is almost certainly due 
to the lamp’s thermal time constant. But what causes the slight upward tilt around 
15 to 20 kc? And just what limits distortion performance? Chasing all this down 
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Figure 7-9. 

The first attempt 
at improving 
distortion. A2 and 
Q1 replace the 
lamp. 



seemed an entertaining way to stay out of the rain. Of course, I couldn’t ignore that 
I was already perilously near my analyzer’s 0.0018% specification limit when inter- 
preting results. Not to worry. 

The next circuit is shown in Figure 7-9. 

A 1 , a low noise wideband amplifier, is the oscillator. The variable resistor's 
decreased value maintains low noise performance by minimizing bias current in- 
duced noise. The 10 pF capacitor suppresses parasitic high frequency oscillation. 

A2 and associated components replace the lamp(s). A2 compares the oscillator’s 
positive peaks with a DC reference and servo-controls Q1 to establish proper loop 
gain. The diode in series with the DC reference temperature compensates the rectifier 
diode. The large feedback capacitor sets a long time constant for A2, minimizing 
output ripple. 

When I turned this circuit on. it oscillated, but distortion increased to a whopping 
0.15%! The analyzer output showed a fierce second harmonic (twice the oscillator 
frequency), although A2’s output seemed relatively clean (see Figure 7-10). 

So, 1 might have gotten away with dumping the two tubes for 94 transistors, 
capacitors, and resistors, but replacing the lamp with a bunch of stuff was another 
matter! I looked apologetically at the forsaken light bulbs. 

What happened? The Wien network is the same, and it’s hard to believe A 1 is so 
bad. A2’s output shows some residual rectification peaking, but nothing that would 
unleash such a monster. 

The culprit turns out to be Ql. In a FET, the channel resistance is ideally fixed by 
the gate -channel bias. In fact, slight modulation of channel resistance occurs as the 
voltage across the channel varies. Unfortunately, Ql ’s drain sees significant swing 
at the oscillator fundamental. The gate is nominally at DC, and the source 
grounded. This causes unwanted modulation of the amplitude stabilization loop by 
the oscillator’s fundamental, creating distortion. The humble light bulb was begin- 
ning to look pretty good. 

If you stare at this state of affairs long enough, the needed Band-Aid presents 
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1 



Output 2V/DIV 



Distortion .15% 

A2 Output (AC 
coupled) .1 V/DIV 

Horiz. = 
200p,sec/DIV 

itself and is (thank the gods) refreshingly simple. The JFET is a fairly symmetrical 
structure, although this circuit drives it asymmetrically from gate to source. If you 
arrange things so the gate is driven with a signal halfway between the drain and 
source, symmetry is reestablished. This symmetrical drive eliminates all even-order 
harmonics. Ql’s new companions make things look like Figure 7-11. 

With the trimmer set to provide the optimum amount of feedback, distortion 
dropped to just 0.0018% — the analyzer’s specified limit (see Figure 7-12). 



Figure 7-11. 

The local feed- 
back network 
around Q1, 
intended to cure 
channel resis- 
tance modulation 
effect 





Figure 7-10. 

Performance for 
the "lampless" 
oscillator. 
Modem tech- 
nology is almost 
100 times worse! 



Figure 7-12. 

Results of Ql's 
local feedback 
fix. Distortion 
improves to 
0.0018%.. ..about 
as good as the 
light bulb. 




Output 2V/DIV 



Distortion .0018% 




A2 Output (AC 
coupled) .1 V/DIV 
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Figure 7-13. 

Replacing Q1 
with an optically 
driven photocell 
eliminates the 
resistance modu- 
lation trim. A2 is 
now a ground- 
referenced 
integrator. 



While praying that the analyzer was better than it had to be, I looked at what it 
was saying. Some of the first harmonic was visible, along with artifacts of the am- 
plitude control loop’s rectification peaking. No amount of fiddling with the distor- 
tion trimmer could reduce the first harmonic, although increasing A2’s feedback 
time constant reduced rectification related content. 

1 didn’t like the trimmer, and A2’s feedback capacitor was a big dog. Also, A2 is 
not a true integrator and has noise gain from its positive input. This seemed more 
irritating than obviously relevant. Similarly annoying was the notion that if A2 ever 
sw'ings positive (start-up, whatever), the electrolytic reverse biases. This ain’t perti- 
nent either but still is bad manners! 

The next iteration attempted to deal with some of these issues (see Figure 7- 1 3). 

The most noticeable change is that Q I has been replaced with an optically driven 
CdS photocell. These devices don’t suffer from parasitic resistivity modulation, 
offering a way to eliminate the trim. A2, running single supply, is now' a ground- 
sensing type configured as a true integrator. The feedback components are arranged 
in a weak attempt to get a long time constant with improved settling time. Lastly, 
the DC reference has been increased, forcing greater oscillator sw'ing. This is a 
brute force play for a more favorable signal/noise ratio. 

This experiment provided useful information. A2’s modifications eliminated 
rectifier peaking artifacts from the distortion analyzer’s output. The LED-driven 
photocell really did work, and 1 tossed the trimmer down to the end of the bench. 
The analyzer indicated 0.0015%, but I wasn’t sure if I could take this ‘'improve- 
ment” seriously. Interestingly, the second harmonic distortion product looked the 
same, although perhaps less noisy. It increased a bit with higher frequencies and 
more or less ratioed with shifts in output amplitude (facilitated by clip-leading 
across one of the LT1004 references). The analyzer seemed to give readings a few 
parts-pcr-million (ppm) lower for higher oscillator amplitude, suggesting 
signal/noisc issues w ith the circuit, the analyzer, or both. But understanding the 
source of the second harmonic distortion product was clearly the key to squeezing 
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Figure 7-14. 

A2's increased 
time constant 
reduces 
rectification 
related distortion 
content. 




Output 10V/DIV 



Distortion .0015% 

A2 Output (AC 
coupled) .1V/DIV 



Horiz. = 
200p,sec/DIV 



more performance. The circuit was talking, and I was trying to listen, but I wasn’t 
hearing (see Figure 7-14). 

All this seemed to exonerate the gain control loop. That left the Wien network, 
the op amp, or some parasitic that wasn’t on the schematic as the villain. 

1 considered the possible effects of voltage coefficient in the Wien network resis- 
tors and ESR or dielectric absorption in the capacitors. Sometimes when you don’t 
know how to make things better you can learn by trying to make them worse. So 1 
added tiny, controlled parasitic RC terms to the Wien R’s and C’s to test their sensi- 
tivity to component imperfections. What I found indicated that the reasonably good 
grades of R and C 1 was using were not the problem. 1 bolstered this conclusion by 
trying different R’s and C’s in the Wien network. Various decent grades of compo- 
nents all produced about the same result. That kinda left Al. Open loop gain, which 
degrades with frequency, could be a problem, so I decided to add a buffer to unload 
the amplifier. Beyond this, I couldn’t do much else to increase available gain. 

Now that I had license to accuse the op amp, the answer quickly seemed appar- 
ent. This circuit was in violation of a little known tenet of precision op amp circuits: 
Williams’s Rule. Williams’s Rule is simple: always invert (except when you can’t). 
This rule, promulgated after countless wars with bizarre, mysterious, and stubborn 
effects in a variety of circuits, is designed to avoid the mercurial results of imperfect 
op amp common mode rejection. Common mode-induced effects are often difficult 
to predict and diagnose, let alone cure. A zero volt summing point is a very friendly, 
very reassuring place. It is (nominally) predictable, mathematically docile, and 
immune from the sneaky common mode dragons. 

All present amplifiers have decreasing common mode rejection with frequency, 
and A 1 is no exception. Its common mode rejection ratio (CMRR) versus frequency 
plot is shown in Figure 7-15. 

The oscillator forces large common mode swings at Al. Since CMRR degrades 
with frequency, it’s not surprising that I saw somewhat increased distortion at 
higher frequencies. This seemed at least a plausible explanation. Now I had to test 
the notion. Doing so required bringing the circuit into alignment with Williams’s 
Rule. Committing A l’s positive input to ground seems an enormous sacrifice in this 
circuit. I considered various hideous schemes to accomplish this goal. One abomi- 
nation coupled the Wien network to Al’s remaining input via a transformer. This 
approach wasn’t confined to technical ugliness; in all likelihood, it would be con- 
sidered obscene in some locales. I won’t even sketch it, lest the publisher be hauled 
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Frequency (Hz) 



Figure 7-15. 

Common mode 
rejection ratio 
versus frequency 
for A1. 



into court by some fundamentalist op amp group. Even if I could have gotten the 
whole perverse hulking thing to work, it just didn’t feel right. I could hear Hewlett’s 
simple, elegant little light bulb, which u'orked so well, laughing at me. 

Somewhere in the venerable Philbrick Applications Manual, the writer counsels 
that “there is always a Way Out.” The last circuit (Figure 7-16) shows what it was. 

This configuration is identical to the previous one, except A3 appears along with 
buffer A4. A3 maintains A2’s positive input at virtual ground by servocontrolling 
the formerly grounded nodes of the Wien network and the gain control loop. This 
adds a third control loop to Hewlett’s basic design (this is getting to be a very busy 




Figure 7-16. 

The final circuit. 
A3 eliminates 
common mode 
swing, allowing 
0.0003% (3 ppm) 
distortion 
performance. 
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Figure 7-17. 

Common mode 
suppression runs 
distortion 
analyzer into its 
noise floor. 




Output 10V/DIV 

Distortion 
(analyzer limited) 
.0003% 

A2 Output (AC 
coupled) .1 V/D1V 

Horiz. = 
200p,sec/DIV 



oscillator — pity poor A 1 , besieged by three masters) but does not adversely affect 
its operation. With its positive input forced to virtual ground, A 1 sees no common 
mode swing. Williams’s Rule is satisfied, and ostensibly, good things should 
happen. 

To my utter amazement, this whole thing did not explode when 1 finally sum- 
moned the nerve to turn it on. Even more astonishing was the distortion analyzer’s 
0.0008% reading (Figure 7-17). 

Its output showed only faint traces of the first harmonic outlined in noise. The 
analyzer was indicating more than a factor of two beyond specification, which was 
really asking a lot. While it’s unlikely that the oscillator and analyzer have compen- 
satory errors, it’s dangerous to conclude anything. As such, 1 turned to some very 
specialized equipment to get at the truth. 

The Audio Precision System One will read distortion down to 0.0003% (3 ppm). 
I was quite pleased to see that it couldn’t find anything above this level. 

After Hewlett finished his oscillator, he and David Packard went into their 
garage and built a few into boxes and then made some more kinds of instruments 



Figure 7-18. 

Bill Hewlett and 
David Packard 
building 
oscillators at the 
Hewlett-Packard 
Company, 
located in their 
garage. 
(Photo courtesy 
Hewlett-Packard 
Company) 




54 




Jim Williams 



(Figure 7-18). After I finished my oscillator, I went into the kitchen and made a few 
hot dogs for dinner (mustard, chili sauce, no beans) and then made some other stuff. 
So, not only was Hewlett a lot cleverer than me, he also had somewhat different 
priorities. However, he did eventually get around to dinner, and I understand he ate 
pretty well. My hot dogs tasted pretty good. 
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If we accept the premise that analog engineers are made rather than bom, then how 
do we go about making a good one? The contributors to this book are certainly 
“good ones,” and here they explore some of the influences that shaped themselves 
and others. 

Tom Homak started down the analog path as a boy when he tried to figure out the 
difference between voltage and amperage. As part of this effort, he learned how to 
“visualize” the operation of circuits. In his contribution, Tom shows the utility of 
visualization and how others can learn to do it. 

Bob Pease w'as fortunate to spend his early years as an engineer under the wing 
of George Philbrick. Perhaps the best way to learn analog design is to do it. The 
next best way is to watch and mentor under some master analog engineers. In 
Chapter 9, Bob tells what he learned watching and participating in the development 
of the P7 and P2 operational amplifier modules. 

James K. Roberge is a professor at the Massachusetts Institute of Technology, 
the alma mater of several of this book’s contributors. Here, James describes how 
M.I.T. attempts to train the next generation of analog wizards through a hefty diet 
of problem solving and design tasks to supplement the theoretical coursework. 

There’s a certain philosophy of analog design that analog designers need to learn. 
Rod Russell describes that philosophy and the elements composing it, show ing that 
success in analog design often depends as much on how you approach a task as 
what you know. 

Experience, even of a negative sort, is a big factor in the making (or breaking!) of 
an analog designer. Milton Wilcox relates what he learned about the importance of 
adhering to detail while designing analog integrated circuits. The “three out of 
three” rule Milton develops in his contribution may be not the sort of thing that’s 
easily expressed mathematically or as an elegant theory, but it does manifest itself 
in such eminently objective forms as “the bottom line.” 

Are there any shortcuts to mastery of the analog art? Is it possible to buy a com- 
puter-aided design software package, load it on a workstation, input the desired 
parameters, “point and click” with a mouse, and come up with a working analog 
design a few minutes later? Some people say so. Jim Williams disagrees, and in the 
final chapter of this section he makes an eloquent case why breadboards and finger- 
tips will still be part of the analog designer’s arsenal for the foreseeable future. 
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There is no analog vs. digital circuit design. All circuits are designed paying atten- 
tion to their speed, power, accuracy, size, reliability, cost, and so forth. It is only the 
relative importance of these individual circuit parameters (and, of course, the mode 
of their application) that is different from case to case. However, there is something 
that can (with a slight twist of tongue) truly be called “analog circuit design,” i.e., 
circuit design by using analogs. This is what this chapter is all about. But first, the 
story of how it all started. 

In Chapter 10, you can read how the eight-year-old Jim Williams got hooked 
forever on electronics by being close to a hobbyist who owned an oscilloscope. I 
would like to share a quite different experience, which nevertheless, had a long- 
lasting influence too. It took place much earlier, around the year 10 BT (Before 
Transistors). 

A long time before taking physics in high school, a good friend of mine and I 
tried desperately to understand what volts and amps really meant. No one in our 
families or among our family friends was technically inclined enough to help. One 
day we noticed that on one floor of the apartment house where I lived, the label on a 
kilowatt-hour-meter listed 15 A, while on the floor above it said 5 A. We deduced 
that the amps were something like water pressure, decreasing with elevation above 
ground. This theory survived only until we climbed up one more floor and found 
again a 1 5-A label there. Many weeks later it began to dawn on us that volts are like 
pressure and amps like strength of flow. Meanwhile, our apartment house got a new 
janitor in whom we naively saw a technical expert. We asked him to confirm our 
analogy. lie said: “Yes, you are close, but you have the volts and amps mixed up.” 
This was a setback which took weeks to overcome. 

Our first hands-on experiments took place in my friend’s home and dealt with 
electric arcs. The ability to generate intense light and heat was fascinating. We used 
a I kW smoothing iron as a series resistor and large iron nails as electrodes. When 
first joining the two nails and then pulling them apart, we were able to pull arcs of 
up to 1 cm in length. The heat of the arc was so intense that the nail tips melted into 
iron droplets. We loved it. 

Our experiments were always interrupted during the summer when my friend and 
I were taken out of town to separate places for vacations. That year, when school 
started again and we, happily rejoined, wanted to pull arcs again, it simply did not 
work anymore. We were mystified: the same wall outlet, the same smoothing iron, 
the same nails, but no arc. We found out after some time that, during that summer, 
the local power company had converted my friend’s home from DC to AC. A new 
chapter in our “education” began. 

Our getting acquainted with AC started by learning that electrical power was 
delivered to my friend’s home by four wires, three “hot” and one “safe.” We were 
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told that the voltage between any one of the “hots” and the “safe” was 220 V, while 
the voltage between any two of the “hots” was 380 V. Being used only to “positive” 
and “negative” from our DC experience, this was again a mystery. If two “hots” are 
each 220 V away from the “safe,” then the two “hots” must be either 0 V or 440 V 
away from each other. Wasn’t that crystal clear? This time we found somebody who 
knew the right answer, but he did not help us too much. Instead of using a simple 
analog such as a phasor diagram, he started to talk sine and cosine. We accused him 
of not knowing the answer either and covering up his ignorance by muttering some 
mumbo-jumbo. It again took considerable time and effort before we got the picture. 

Why was our progress so difficult and slow? Was it lack of intelligence? That 
friend of mine is one of the world’s leading mathematicians today. At least in his 
case, lack of intelligence is not a feasible explanation. I think we were slow because 
our young minds needed to see the invisible electrical processes translated into easy- 
to-envision analogs. And we had to develop these analogs ourselves, step-by-step. 

I know that trying to “understand electricity” early in life had a lasting benefit to 
me. I got used to “seeing electricity” in analogs and I am still seeing it that way. I 
believe every electronic circuit designer could benefit from thinking in analogs, and 
it is never too late to start. This belief made me write this chapter. 

It is mainly during the initial, qualitative phase of designing an electronic circuit 
that it is most helpful to translate the circuit’s operation into a more transparent 
process. The same applies when one has to quickly comprehend the operation of a 
circuit designed by somebody else during presentations, design reviews, or the like. 

I am, of course, not against exact mathematical analysis or computer simulation, but 
those have their justification in the next phase, if and when exact quantitative 
verification of a design is required. I find that mainly circuit operation described in 
the time domain is easy to synthesize or analyze this way. 

My process of visualization is quite simple. Circuit diagrams are commonly 
drawn with current flowing from the top to the bottom and with the individual cir- 
cuit elements in the schematic positioned approximately according to their voltage. 
When imagining a circuit’s operation, I am, in my mind, moving and shifting parts 
of the circuit schematic up and down following the time-varying voltage they carry. 
This helps me to “see” in time sequence which diodes or transistors are turning on, 
which are turning off, how op-amp circuits behave, and so forth. I never draw these 
distorted circuit diagrams on paper; rather, I see the moves and bends only in my 
mind. (An excellent way to avoid boredom in many situations in life!) Of course, 
these imagined moves and shifts are only approximate and cannot be applied con- 
sistently because that would often distort the schematic beyond recognition. 

To illustrate what I mean, I will describe the process as best I can in the following 
few examples. Unfortunately, the static nature of printed figures in general, com- 
bined with the black-only print in this book, will make it somewhat difficult to get 
the message across. I wish I could attach a videotape on which I could perhaps 
convey my mental images much better. Because of this difficulty, I had to reverse 
the process. As examples I picked conventional circuits of well-known operation to 
describe the method of visualization. Normally it would be the other way around. 

Example 1 . The Astable Multivibrator 

The first example is an astable multivibrator shown by its conventional circuit dia- 
gram in Figure 8-1. The idealized wave forms on the collectors and bases of transis- 
tors Q1 and Q2 are shown in Figure 8-2. At time ; 0 transistor Q1 is in saturation, 
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Figure 8-1. 

Conventional 
diagram of an 
astable multi- 
vibrator. 



Time t c 



Collector of Q1 



Collector of Q2 



Figure 8-2. 

The waveforms 
of an astable 
multivibrator. 



Base of Q1 



Base of Q2. 





Figure 8-3. 

The astable 
multivibrator at 
time t 0 . 



and its collector voltage is close to ground. Transistor Q2 is cut off by a negative 
voltage on its base, so its collector voltage is high above ground. The voltage on 
Q2’s base is changing in a positive direction due to resistor R3 charging capacitor 
C2. In Figure 8-3, my mental image of the multivibrator at time r 0 , this is repre- 
sented by the different heights of Ql’s and Q2’s collector nodes, by the base of Q2 
being shown “below” its emitter, and by the arrow indicating the base moving in a 
positive direction. Note how resistors R1 and R3 are more “stretched” than resistors 
R2 and R4. 
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Figure 8-4. 

Conventional 
diagram of a 
precision 
rectifier. 



Figure 8-5. 

The precision 
rectifier with 
positive input 
voltage. 



Figure 8-6. 

The precision 
rectifier with a 
negative input 
voltage. 



Example 2. The Precision Rectifier 

The next example, a precision half-wave rectifier, is shown by its conventional 
circuit diagram in Figure 8-4. Node X between resistors R1 and R2 is held at 
ground level by the feedback action from the operational amplifier’s output. When a 
positive input voltage V- m is applied at R I (see Figure 8-5), the output of the opera- 
tional amplifier goes negative and pulls via diode D1 the output end of R2 “down,” 
so that the current flowing in R1 continues via R2 into the operational amplifier’s 
output. Diode D2 is off, with its anode being more negative (“lower”) than its 
cathode. As long as the input voltage F in is positive, resistors R1 and R2 behave like 
a seesaw with the fulcrum at node X. When the input voltage applied to resistor 
R 1 is negative (see Figure 8-6), the operational amplifier’s output goes “up” until 
diode D2 conducts and delivers via D2 to fulcrum X the current required by Rl. 
Diode DI is off, because its cathode is “above” its anode. For negative input volt- 
ages, Rl and R2 do not behave as a seesaw; R2 and the circuit’s output remain at 
ground level. 



Rl X R2 
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Example 3. The Transition Pulse Generator 

The last example is a transition pulse generator used in digital communication links 
in their clock recovery portion. The input of the circuit is a data stream in “non- 
retum-to-zero” (NRZ) format, in which logic ones and logic zeros are represented 
by “high” and “low” levels, respectively, each lasting over the whole bit period. 

The purpose of the transition pulse generator is to generate a pulse of uniform po- 
larity whenever a transition from level to level occurs in the input data. The conven- 
tional diagram of a commonly used circuit for this purpose is shown in Figure 8-7. 
Transistors Q1 and Q2 with capacitor C constitute a differentiator, transistors Q3 
and Q4 act as a full-wave rectifier. The transition pulses delivered by this circuit 
have a uniform, positive polarity. The NRZ data input and transition pulse output of 
the circuit are shown in Figure 8-8. Time instants represent four distinct states 
in the circuit: t j and / 3 when the circuit is ready for the next transition, and t 2 and / 4 
the state immediately after a data transition has occurred. 

Figure 8-9 represents my vision of the circuit at tj, with logic zero level V(0) < 
V' biils at its input, waiting for a positive transition. Resistors R1 and R2 carry equal 
currents set by the two matched current sinks, CS 1 and CS2. The voltage on the 
collectors of Q1 and Q2 and on the bases of Q3 and Q4 are the same. Voltage F oul is 
at the LOW level of the transition pulse. The voltage across capacitor C is essen- 
tially F bias -V(0) with its positive terminal facing Q2. 

Figure 8-10 show's the state of the circuit at t 2 , shortly after a positive transition at 
the data input. During the positive data transition, the voltage across capacitor C 
changes only very little. This means that Q1 “lifts” the emitter of Q2 via capacitor C 
essentially by V 7 ( 1) -V^O) and Q2 is shut off. The voltage at collector Q2 and base 
Q4 goes “up,” and the emitter of Q4 takes V r out to the HIGF1 level. The current 
through resistor R1 is now the sum of the currents of CS1 and CS2, and the col- 
lector of Q1 “drops down.” The current of CS2 is now discharging capacitor C and 
“pulling” emitter Q2 “down,” as indicated by the vertical arrow. 




Figure 8-7. 

Conventional 
diagram of a 
transition pulse 
generator. 



NRZ DATA 

TRANSITION 

PULSES 









V(1) 

Vbias 

VCO) 



A 



HIGH 
■ LOW 



Figure 8-8. 

Input and output 
signals of the 
transition pulse 
generator. 
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Figure 8-9. 

The transition 
pulse generator 
at time ti. 




Figure 8-10. 

The transition 
pulse generator 
at time t 2 . 




When, at time r 3 , the current of CS2 reverses the polarity of capacitor C and 
“pulls” the emitter of Q2 sufficiently “down” to make Q2 conduct again, resistors 
R1 and R2 carry again the same currents set by CS1 and CS2, respectively, and 
returns to the LOW level. This is depicted in Figure 8-11. Capacitor C is charged 
now essentially to V( 1)-F bias with the positive terminal facing Q1 . 

Finally, Figure 8-12 shows the state of the circuit at time / 4 , shortly after a nega- 
tive transition at the data input. The negative data transition has “pulled” the base of 
Q1 “down,” its emitter is being held “high” by capacitor C, and Q1 is cut off. The 
voltage of collector Q1 is “up” and V 0UI is held HIGH by Q3. Resistor R2 is now 
carrying the currents of both CS1 and CS2. Capacitor C is being discharged by the 
current of CS 1 and the emitter of Q 1 is moving “down” as indicated by the arrow. 

I hope that these three simple examples were sufficient to illustrate my message 
and that from now on many readers of this chapter will twist and bend circuit 
schematics in their minds. 

In conclusion, I will list one more reason for writing this chapter. I’m convinced 
that my childhood experience is not unique. I’m sure there are tens of thousands of 



Figure 8-11. 

The transition 
pulse generator 
at time L. 
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Figure 8-12. 

The transition 
pulse generator 
at time t 4 . 



young children in our country who are intelligent and attracted to electronics but 
who have nobody around to supply the basics in a form that is easy to digest on 
their level of comprehension. Many laudable efforts are taking place that attempt to 
help children to visualize natural phenomena: the San Francisco and San Diego 
Exploratoria are two. But there, when attempting to cover all sciences, electronics 
is necessarily a small part of the whole. There are plans to build a similar permanent 
exposition devoted mostly to electronics in Silicon Valley. I pleaded for the instal- 
lation of simple visualizations of, for example, how a transistor works, as opposed 
to trying to impress the young visitors with giant models of million-transistor 
chips. I believe that an indifferent child visiting out of superficial curiosity or com- 
pulsion will not get hooked by either, while the information-starved gifted kid 
could be helped very much by pushing him or her one rung higher on the ladder of 
understanding. 

We are constantly reminded that, due to the expected demographic development 
in our country, we will be short of electronic talent in the near future if we don’t 
succeed in exciting interest in electronics in more children. By supplying easy-to- 
visualize basic information through properly written books, proper expositions, 
and last but not least, personal interaction, we could perhaps increase the number of 
talented children hooked by electronics in their early age, and, it is hoped, turn them 
into devoted executors of this art, as we are ourselves. 
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9. The Story of the P2 — The First 
Successful Solid-State Operational 
Amplifier with Picoampere Input Currents 



First, let us start with — 

A Fable 

Once upon a time there were two wizards who decided they wanted to play 
golf. The first wizard stepped up to the tee, addressed the ball, and drove the ball 
right down the middle of the fairway; the ball then bounced twice, and rolled, and 
rolled, and rolled, and rolled right into the cup. The second wizard looked at the 
first wizard. Then he stepped up to the ball and drove a wicked screaming slice 
off to the right, which hit a tree, bounced back toward the green, ricocheted off a 
rock, and plopped into the cup. The first wizard turned to the second wizard and 
said, “Okay, now let’s play golf.” 

End of Fable 

Once upon a lime, back in the ancient days of the electronics art, about 1958, there 
were two wizards, George A. Philbrick and Robert H. Malter, and they enjoyed 
designing operational amplifiers. In those days, that’s what they called them — oper- 
ational amplifiers, not “op-amps.” George had the idea to use some of those new 
“transistors” to amplify the error signal from a balanced bridge, up to a good level 
where it could then be demodulated and amplified some more and used to form an 
operational amplifier. Ah, but what kind of balanced bridge would this be? A ring 
of conducting diodes? Heavens, no — George proposed a bridge made of l(X)-pF 
varactor diodes, so that when the bridge was driven with perhaps 100 mV of RF 
drive, the diodes would not really conduct very much and would still look like a 
high impedance — perhaps 10,000 Mil. Then just a few millivolts of DC signal 
could imbalance the bridge and permit many microvolts of radio frequency signals 
to be fed to the AC amplifier. Now, back in 1958, just about the only available tran- 
sistors at any reasonable price were leaky germaniums, and you certainly could not 
build a decent operational amplifier out of those. But George got some of the new 
2N344 “drift” transistors that still had some decent current gain at 5 Mcps. He ran 
his oscillator at 5 Mcps, and after running his signal through the whole path of the 
modulator and then four stages of 2N344 RF amplifier, and a demodulator, he fed it 
into a DC amplifier stage with push-pull drive to a class AB output. And it was all 
built as a quasi-cordwood assembly, with seven or eight little PC (Printed Circuit) 
boards strung between two long PC boards. Since each little PC board had about six 
wires connecting into the long PC boards, this was a kluge of a very high order, and 
not fun to assemble or test, or to evaluate, or to experiment with, or to troubleshoot. 
George called this amplifier the P7. Please refer to the schematic in Figure 9-1.1 
know this is the right schematic because I still have a P7. Also, see the photograph 
of a P7's inner workings in Figure 9-2. 
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